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Abstract 


In  an  effort  to  understand  the  more  general  mechanisms  and  rates  of 
pre-depositional  reactions  that  transform  organic  matter,  the  types  and 
relevant  time  scales  of  reactions  that  transform  carotenoid  pigments  in 
the  oceanic  water  column  were  studied. 

In  the  present  study,  a  model  was  constructed  for  organic  matter 
cycling  that  consisted  of  three  parts:  1)  the  synthesis  of  carotenoid 
pigments  by  phytoplankton  in  the  euphotic  zone,  2)  consumption  and 
metabolism  of  some  fraction  of  these  pigments  by  hetero trophic  organisms, 
and  3)  removal  of  metabolic  by-products  to  the  sediments  by  large  particle 
(e.g.  fecal  pellet)  transport.  The  model  separates  particlate  matter  into 
reservoirs  according  to  the  degradation  processes  that  have  occurred  since 
synthesis.  The  goal  is  to  sample  these  particulate  reservoirs,  determine 
the  compositional  differences  between  them,  and  construct  a  mechanistic 
pathway  for  the  transformations  that  occur  as  material  is  transferred 
between  reservoirs. 

Suspended  particulate  matter  collected  in  the  surface  waters  of 
Buzzards  Bay,  Massachusetts  and  the  Peru  upwelling  region  has  a  carotenoid 
distribution  reflecting  the  phy toplanktonic  source  of  the  material.  The 
carotenoid  distribution  of  sediment  trap  samples  collected  in  these  areas 
was  dominated  by  transformation  products.  Fucoxanthin,  the  primary 
carotenoid  of  marine  diatoms,  typically  constituted  77-100%  of  the  total 
fucopigments  in  suspended  particulate  matter.  In  sediment  trap  samples 
this  pigment  constituted  only  4-85%  of  the  total.  The  remaining  15-96%  of 
the  pigments  consisted  of  the  fucoxanthin  transformation  products:  free 
alcohols  (2-94%),  dehydrates  (0-6%),  and  opened  epoxides  (0-19Z). 

Postulated  transformation  products  were  synthesized  to  determine  the 
structure  of  isolated  compounds.  Simultaneously,  iodine  catalyzed 
photoisomerization  of  fucopigments  was  tested  as  a  potential  method  for 
the  unambiguous  identification  of  caotenoids  requiring  only  the  nanogram 
amounts  of  material  typically  found  in  samples. 

Preliminary  results  suggest  that  carotenoid  esters  are  hydrolyzed  at 
a  rate  determined  by  the  turnover  of  primary  productivity.  The  dehydrated 
and  epoxide  opened  degradation  products  of  fucoxanthin  represent  products 
of  transformation  reactions  that  operate  over  much  longer  time  scales 
(0.1-10  yr).  Dehydration  and  epoxide  opening  are  not  significant  water 
column  transformations,  but  are  important  in  surface  sediments.  A  trans- 
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formation  pathway  of  ester  hydrolysis  -*■  dehydration  ^  epoxide  opening -*■ 
further  dehydration  is  proposed  for  fucoxanthin.  Preliminary  evidence  for 
a  parallel  transformation  squence  for  structurally  similar  carotenoids  is 
also  presented. 
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INTRODUCTION 

Recent  studies  of  specific  organic  compounds  in  suspended  particulate 

matter  and  surface  sediments  have  demonstrated  that  there  is  a  major 

compositional  discontinuity  between  what  is  produced  in  the  euphotic  zone, 

and  what  is  deposited  in  the  surface  sediments  (Andersen,  1977).  For 

19 

example,  annually  some  7  x  10  g  of  the  carotenoid  fucoxanthm  is 
synthesized  by  marine  phytoplankton.  However  there  are  no  reports  of  this 
pigment  in  marine  sediments.  The  recognition  that  rapidly  sinking  large 
particles  contribute  a  major  portion  of  the  mass  flux  to  the  sea  floor 
(McCave,  1975;  Wiebe  et  al. ,  1976;  Bishop  et  al. ,  1977,  1978,  1980;  Honjo 
1978,  1980;  Rowe  and  Gardner,  1979;  Hinga  et  al. ,  1979),  led  to  the 
hypothesis  that  reactions  on  these  particles  may  contribute  to  the 
discontinuity  at  the  sediment-water  interface.  Organic  geochemical 
studies  of  particles  collected  in  sediment  "traps"  placed  at  depths 
intermediate  between  the  sea  surface  and  sea  floor  have  since  confirmed 
this  hypothesis  (Crisp  et  al.  1979;  Wakeham  et  al. ,  1980;  Tanoue  and 
Hands,  1980;  Lee  and  Cronin,  1982;  Repeta  and  Gagosian,  1982;  De  Baar  et 
al. ,  1982;  Gagosian  et  al. ,  1982X 

One  of  the  most  significant  conclusions  to  be  drawn  from  studies  of 
organic  compounds  in  sediments  is  that  the  diagenesis  of  biomolecules  is  a 
systematic,  not  random,  process.  Only  a  limited  number  of  transformation 
products  are  formed  compared  to  the  number  theoretically  possible  (Hunt, 
1979).  This  concept  was  implicit  in  the  earliest  studies  of  organic 
geochemistry  (Treibs,  1936),  but  has  since  been  convincingly  documented 
with  several  classes  of  structurally  different  compounds  (Baker  and 
Palmer,  1978;  Ourisson  et  al. ,  1979;  MacKenzie  et  al. ,  1982).  The 
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precursor/ product  relationship  is  now  an  established  axiom  in  organic 
geochemical  research,  and  has  proved  valuable  in  studies  of  petroleum 
geochemistry,  chemical  evolution,  and  in  identifying  sources  of 
sedimentary  organic  matter.  Perhaps  the  best  illustration  of  this  was  the 
discovery  of  bacteriohopanetetrol  in  sediments  prior  to  its  discovery  in 
Acetobacter  xylinum  (Rohmer  and  Ourisson,  1976) 

By  analogy,  there  is  every  reason  to  think  that  degradation  of 
organic  compounds  in  the  oceanic  water  column  proceeds  as  it  does  in  the 
sediments,  via  a  series  of  discrete  transformation  steps.  Given  this 
hypothesis,  it  is  pertinent  to  model  water  column  transformation  reactions 
in  order  to  answer  questions  on  the  rates  and  mechanisms  of  organic  matter 
recycling,  and  to  characterize  the  physical  properties  of  the  system. 
Answers  to  these  questions  are  relevant  to  problems  in  organic  matter 
cycling  (pollutant  dispersal  and  degradation),  biodynamics  (nutrition, 
chemotaxis,  productivity  controls) ,  physical-chemical  processes 
(adsorption,  oxidation-reduction),  and  sedimentary  geochemistry. 

Gagosian  and  Lee  (1981)  have  recently  reviewed  work  on  the 
transformation  of  specific  organic  compounds  in  the  oceanic  water  column. 
Broadly  speaking,  two  approaches  have  been  taken  in  studying  this  problem: 
l)  the  isolation  and  structural  determination  of  specific  transformation 
products  that  can  be  related  to  known  biogenic  precursors,  and  2)  the 
chemical  degradation  of  high  molecular  weight  transformation  products  into 
simpler  molecules  which  can  then  be  reassembled  via  model  reactions.  The 
most  widely  documented  example  of  a  specific  precursor/product 
transformation  in  seawater  is  the  degradation  of  chlorophyll-a  to 
phaeopigments.  Other  classes  of  compounds  have  also  been  studied 
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(sterols,  hydrocarbons,  fatty  acids).  However  few  precursor/ product 
relations  have  been  demonstrated,  and  those  that  have  been  identified  are 
minor  reactions.  There  is  some  dispute  as  to  whether  amino  acid 
racemization  occurs  as  an  major  transformation  reaction  or  as  a  product  of 
bacterial  resynthesis  (Lee  and  Bada,  1977;  Bada  and  Hoopes,  1979).  At 
present  the  status  of  these  reactions  is  unclear. 

The  transformation  of  chlorophyll  to  phaeophytin  and  phaeophorbides 
has  be  studied  indirectly  as  a  measure  of  productivity  for  a  number  of 
years.  As  yet  there  has  been  no  systematic  study  of  the  transformation 
mechanism,  and  in  those  studies  which  have  been  made,  the  structures  of 
degradation  products  are  poorly  characterized.  However,  the  unique 
structure  of  the  chlorin  macrocycle  and  its  relative  abundance  in 
phytoplankton  leaves  little  doubt  that  phaeopigments  are  in  fact 
transformation  products  of  chlorophyll. 

The  second  approach  that  has  been  used  in  studying  the  transformation 
of  organic  matter  is  more  indirect.  A  significant  fraction  of  dissolved 
organic  carbon  is  bound  as  macromolecular  polymers  of  simpler  biogenic 
compounds.  Chemical  degradation  of  these  polymers  yield  data  on  the 
relative  amounts  and  types  of  subunits,  which  can  then  be  used  to 
construct  hypothetical  structures  for  a  "typical"  molecule  (Stuermer  and 
Harvey,  1978;  Stuermer  1975).  These  experiments  are  accompanied  by 
laboratory  simulations  designed  to  mimic  potential  formation  reactions 
(Hedges,  1978).  The  results  of  these  experiments  are  difficult  to 
interpet.  Simplification  of  the  reaction  media  and  the  necessarily  higher 
concentrations  of  reactants  are  geochemically  unrealistic.  Consequently 
it  is  difficult  to  draw  conclusions  vis-a-vis  the  natural  environment. 


The  limited  scope  of  these  studies  does  not  permit  actual  modelling  of 

transformation  reactions  occurring  in  the  oceanic  water  column.  However 

they  are  useful  in  developing  criteria  for  the  selection  of  model 

compounds  to  be  used  as  tracers.  Three  characteristics  make  water  column 

models  distinct  from  their  sedimentary  analogues:  1)  the  overwhelming 

majority  of  transformations  in  the  water  column  are  biologically  mediated, 

2)  the  water  column  is  spatially  dynamic,  and  3)  the  time  scales  of 
.  -2  3 

interest  are  on  the  order  of  10  -10  yr.  Therefore,  inherently 

different  sampling  strategies  and  model  compounds  of  different 
characteristics  are  required  in  experimental  design. 

This  thesis  describes  an  investigation  of  carotenoid  geochemistry  in 
order  to  assess  the  suitability  of  carotenoids  as  model  compounds  for  the 
study  of  transformation  reactions  occurring  in  the  oceanic  water  column. 
Several  characteristics  make  these  pigments  attractive  as  potential 
tracers  for  water  column  processes:  they  are  reasonably  source  specific 
(Liaaen- Jensen,  1978;  1979),  they  encompass  a  wide  variety  of  functional 
groups  (Straub,  1971),  they  are  reactive  over  short  time  scales,  and  they 
are  widely  distributed  in  both  photosynthetic  and  non-photosynthetic 
organisms  (Liaaen- Jensen,  1978).  In  this  study  the  transformations  of 
selected  pigments  from  marine  phytoplankton  and  zooplankton  will  be 
investigated  in  order  to  determine  the  rates  and  mechanisms  of  reaction. 
Previous  research  in  carotenoid  marine  geochemistry  has  been  confined  to 
sediments,  and  due  to  the  differences  in  time  scale  and  scope  this  work  is 
not  directly  applicable  to  the  present  study  (Louda  and  Baker,  1981;  Watts 
and  Maxwell,  1977;  Watts  £t  a_l. ,  1977;  Peake  £t  a_l. ,  1974;  Fox  et  al.  , 
1944;  Fox,  1937).  However,  the  absence  of  phytoplankton  pigments  from 
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marine  sediments  noted  in  these  studies  further  testifies  to  their 
reactivity  in  the  overlying  water  column  and  at  the  sediment-water 
interface. 

Comprehensive  reviews  of  carotenoid  chemistry  and  biochemistry  can  be 
found  in  Goodwin  (1976),  Isler  (1971),  and  in  the  Proceedings  of  the 
International  Symposium  of  Carotenoid  Chemistry  published  periodically  in 
Pure  and  Applied  Chemistry  (most  recent  volumes:  v  47,  v  51,  and  v  54). 

The  carbon  numbering  system  recommended  by  the  IUPAC  Committee  on 
Nomenclature  of  Organic  Chemistry  and  the  IUPAC/ IUB  committee  on 
Biochemical  Nomenclature  (Isler,  1971,  p  857)  will  be  used  throughout  the 
text  (Figure  1).  Roman  numerals  following  trivial  names  (e.g.  g -carotene 
(I))  refer  to  the  structures  given  in  Appendix  I.  Appendix  II  provides  an 
alphabetical  listing  of  trivial  and  IUPAC  names  of  carotenoids  discussed 
in  the  text. 

! 
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Figure  l.  IUPAC  numbering  o£  carotenoids* 

1 


19 


REFERENCES 


Andersen  N.R.  (1977)  Concepts  in  Marine  Organic  Chemistry.  Mar.  Chem.  5_, 
303-638. 

Bada  J.L.  and  Hoopes  E.A.  (1979)  Alanine  Enantiomeric  Ratio  in  the 
Combined  Amino  Acid  Fraction  in  Seawater.  Nature  282 .  822-823. 

Baker  E.A.  and  Palmer  S.E.  (1978)  Geochemistry  of  Porphyrins.  In  The 
Porphyrins .  v  1.  (editor  D.  Dolphin),  pp.  846-552.  Academic  Press. 

Bishop  J.K.B.,  Edmond  J.M.,  Ketten  D.R.,  Bacon  M.P.  ,  and  Silker  W.B. 

(1977)  The  Chemistry,  Biology,  and  Vertical  Flux  of  Particulate  Matter 
from  the  Upper  400  m  of  the  Equatorial  Atlantic  Ocean.  Deep  Sea  Res.  24, 
511-548. 

Bishop  J.K.B.,  Ketten  D.R.,  and  Edmond  J.M.  (1978)  The  Chemistry, 

Biology,  and  Vertical  Flux  of  Particulate  Matter  from  the  Upper  400  m  of 
the  Cape  Basin  in  the  Southeast  Atlantic.  Deep  Sea  Res.  25,  1121-1162. 

Bishop  J.K.B. ,  Collier  R.W. ,  Ketten  D.R. ,  and  Edmond  J.M.  (1980)  The 
Chemistry,  Biology,  and  Vertical  Flux  of  Particulate  Matter  from  the  Upper 
400  m  of  the  Panama  Basin.  Deep  Sea  Res.  27^,  615-640. 

Crisp  P.T.,  Brenner  S.,  S.,  Venkatesan  M.I.  ,  Ruth  E.,  and  Kaplan  I. 

(1979)  Organic  Geochemical  Characterization  of  Sediment  Trap  Particulates 
from  San  Nicholas,  Santa  Barbara,  Santa  Monica,  and  San  Pedro  Basins, 
California.  Geochim.  Cosmo chim.  Acta  43.  1791-1801. 

De  Baar  H. ,  Farrington  J.W. ,  and  Wakeham  S.G.  (1982)  Sediment  Trap 
Experiments  in  the  Equatorial  Atlantic  Ocean:  Vertical  Flux  of  Fatty 
Acids,  Regeneration  and  Oxygen  Consumption.  J.  Mar.  Res.  (in  the  press). 

Fox  D.L. ,  Updeegraff  D.M. ,  and  Novelli  G.D.  (1944)  Carote loid  Pigments  in 
the  Ocean  Floor.  Arch.  Biochem.  Biophys.  <5,  1-22. 

Fox  D.L,.  (1937)  Carotenoids  and  Lipoid-Soluble  Pigments  in  the  Sea  and  in 
Deep  Marine  Mud.  Proc.  Natl.  Acad.  Sci.  23,  295-305. 

Gagosian  R.B. ,  Nigrelli  G.E. ,  and  Volkman  J.K.  (1982)  Vertical  Transport 
and  Transformation  of  Biogenic  Organic  Compounds  from  a  Sediment  Trap 
Experiment  Off  the  Coast  of  Peru.  Geochim.  Cosmochim.  Acta  (in  the  press). 

Gagosian  R.B.  and  Lee  C.  (1981)  Processes  Controlling  the  Distribution  of 
Biogenic  Organic  Compounds  in  Seawater.  In  Marine  Organic  Chemis try 
(editors  D.  Duursma  and  R.  Dawson),  pp.  91-123.  Elseviser. 

Goodwin  T.W.  (1976)  Chemistry  and  Biochemistry  of  Plant  Pigments  v  1  and 
2.  Academic  Press. 


20 


Hedges  J.I.  (1978)  The  Formation  and  Clay  Mineral  Reactions  of 
Melanoidins.  Geochim.  Cosmochim.  Acta  4^,  69-76. 

Hinga  K.R. ,  Sisburth  M.  McN. ,  and  Heath  G.R.  (1979)  The  Supply  and  Use  of 
Organic  Material  at  the  Deep  Sea  Floor.  J.  Mar.  Res.  ^_7,  557-579. 

Honjo  S.  (1978)  Sedimentation  of  Material  in  the  Sargasso  Sea  at  a  5367  m 
Deep  Station.  J.  Mar.  Res.  ^6,  469-492. 

Honjo  S.  (1980)  Material  Fluxes  and  Modes  of  Sedimentation  in  the 
Mesopelagic  and  Bathypelagic  Zones.  J.  Mar.  Res.  ^8,  53-97. 

Hunt  J.  (1979)  Petroleum  Geochemistry  and  Geology.  W.H.  Freeman  &  Co. 

Isler  0.  (1971)  Carotenoids.  Birkhauser  Basel. 

Lee  C.  and  Cronin  C.  (1982)  The  Vertical  Flux  of  Particulate  Organic 
Nitrogen  in  the  Sea:  Decomposition  of  Amino  Acids  in  the  Peru  Upwelling 
Area  and  the  Equatorial  Atlantic.  J.  Mar.  Res.  40,  227-251. 

Lee  C.  and  Bada  J.  (1977)  Dissolved  Amino  Acids  in  the  Equatorial 
Pacific,  the  Saragasso  Sea,  and  Biscay  Bay.  Limn,  and  Ocean.  22,  504-516. 

Liaaen- Jensen  S.  (1979)  Carotenoids  -  A  Chemosystematic  Approach.  3ure 
and  Appl .  Chem.  51_,  661-675. 

Liaaenr Jensen  S.  (1978)  Marine  Carotenoids.  In  Marine  Natural  Products 
(editor  P.J.  Scheuer) ,  pp.  2-73.  Academic  Press. 

Louda  J.W.  and  Baker  E.A.  (1981)  Geochemistry  of  Tetrapyrrole,  Carotenoid 
and  Perylene  Pigments  in  Sediments  from  the  San  Miguel  Gap  (Site  467)  and 
Baja  California  Borderland  (Site  471):  DSDP/IFOD  Leg  63.  In  Initial 
Reports  of  the  DSDP,  Leg  LXIII  (editors  B.  Haq  and  R.S.  Yeats),  pp. 
785-818.  U.S.  Government  Printing  Office. 

MacKenzie  A.,  Brassell  S.C. ,  Eglinton  G. ,  and  Maxwell  J.R.  (1982) 

Chemical  Fossils  -  The  Geological  Significance  of  Steroids.  Science  217, 
491-504. 

McCave  I.N.  (1975)  Vertical  Flux  of  Particulates  in  the  Ocean.  Deep  Sea 
Res.  22,  491-502. 

Ourisson  G. ,  Albrecht  P.,  and  Rohmer  M.  (1979)  The  Hopanoids. 
Paleochemistry  and  Biochemistry  of  a  Group  of  Natural  Products.  Pure  and 
Appl.  Chem.  n..  709-729. 

Peake  E. ,  Casagrande  D.J. ,  and  Hodgeson  G.W.  (1974)  Fatty  Acids, 

Chlorins,  Hydrocarbons,  Sterols,  and  Carotenoids  from  a  Black  Sea  Core. 
Mem.  Amer.  Assoc.  Petrol.  Geol.  20,  505-523. 


RepeCa  D.J.  and  Gagosian  R.B.  (1982)  Carotenoid  Transformations  in 
Coastal  Marine  Waters.  Nature  295,  51-54. 

Rohmer  M.  and  Ourisson  G.  (1976)  Structure  des  Bacteriohopanetetrols 
D'Acetobacter  Xylinum.  Tet.  Lett.  3633-3636.' 

Rowe  G.T.  and  Gardner  W.D.  (1979)  Sedimentation  Rates  in  the  Slope  Water 
of  the  Northwest  Atlantic  Ocean  Measured  Directly  with  Sediment  Traps.  J. 
Mar.  Res.  37,  581-600. 

Straub  0.  (1971)  Lists  of  Natural  Carotenoids.  In  Carotenoids  (editor  0. 
Isler) ,  pp.  722-850.  Brikhauser  Basel. 

Stuermer  D.H.  and  Harvey  G.R.  (1978)  Structural  Studies  on  Marine  Humus: 

A  New  Reduction  Sequence  for  Carbon  Skeleton  Determination.  Mar.  Chem.  6, 
55-70. 

Stuermer  D.H.  (1975)  The  Characterization  of  Humic  Substances  in 
Seawater.  Thesis  WH01/MIT,  188  pp. 

Tanoue  E.  and  Handa  N.  (1980)  Vertical  Transport  of  Organic  Materials  in 
the  Northern  North  Pacific  as  Determined  by  Sediment  Trap  Experiment. 

Part  1.  Fatty  Acid  Composition.  J.  Ocean.  Soc.  Japan  36,  231-245. 

Treibs  A.  (1936)  Chlorophyll-und  Haminderivate  in  Organischer 
Mineralstoffen.  Angew.  Chemie  49,  682-686. 

Wakeham  S.G. ,  Farrington  J.W. ,  Gagosian  R.B.,  Lee  C. ,  De  Baar  H. ,  Nigrelli 
G.E. ,  Tripp  B.W.,  Smith  S.O.,  and  Frew  N.M.  (1980)  Organic  Matter  Fluxes 
from  Sediment  Traps  in  the  Equatorial  Atlantic  Ocean.  Nature  286 ,  798-800. 

Watts  C.D.  and  Maxwell  J.R.  (1977)  Carotenoid  Diagenesis  in  a  Marine 
Sediment.  Geochim.  Cosmochim.  Acta  41 ,  493-497. 

Watts  C.D.,  Maxwell  J.R. ,  and  Kjosen  H.  (1977)  The  potential  of 
Carotenoids  as  Environmental  Indicators.  In  Adv.  Org.  Geochem.  1975 
(editors  R.  Campos  and  J.  Goni) ,  pp.  391-414.  ENADIMSA  Servicio  de 
Publicaciones. 

Wiebe  P.H. ,  Boyd  S.H. ,  and  Winget  C.  (1976)  Particulate  Matter  Sinking  to 
the  Deep  Sea  Floor  at  2000  m  in  the  Tongue  of  the  Ocean,  Bahamas,  with  a 
Description  of  a  New  Sedimentation  Trap.  J.  Mar.  Res.  ^4,  341-354. 


22 


CHAPTER  2 

CAROTENOID  TRANSFORMATION  PRODUCTS  IN  COASTAL  MARINE  HATERS; 
BUZZARDS  BAY  SUSPENDED  PARTICULATE  AND  SEDIMENT  TRAP  SAMPLES. 
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INTRODUCTION 

The  study  of  carotenoid  transformation  reactions  in  the  oceanic 
water  column  requires  a  detailed  analysis  of  specific  pigments.  Only 
three  such  studies  have  been  reported.  Jeffrey  (1974,  1976}  and  Neveux 
(1975)  analyzed  specific  carotenoids  in  suspended  particulate  matter 
collected  at  depths  of  10-100  meters  and  10-500  meters  respectively.  Both 
studies  found  astaxanthin  (II),  carotene  (I),  diadinoxanthin  (III),  and 
fucoxanthin  (IV)  as  major  carotenoid  pigments.  Neveux  (1975)  also 
observed  a  number  of  unidentified  yellow  colored  pigments  and  suggested 
they  were  carotenoid  transformation  products.  However,  no  data  were 
provided  to  support  this  hypothesis.  Jeffrey  (1976)  reported  only  major 
pigments,  all  of  which  were  identified  as  untransformed  natural  products. 
The  author  noted  the  presence  of  minor,  unidentified  pigments,  but  gave  no 
further  details.  Jeffrey  (1976)  also  analyzed  fecal  pellets  collected 
from  copepods  feeding  on  small  chain  diatoms  (specie'')  unidentified). 
Several  major  unidentified  yellow  colored  pigmerce  *  prssysa^ly  carotenoid 
transformation  products)  were  reported.  Although  the  evidence  is 
circumstantial,  these  two  studies  suggest  that  carotenoid  transformation 
products  may  be  present  in  oceanic  suspended  and  rapidly  sinking  (i.e. 
fecal  pellets)  particulate  matter. 

This  chapter  describes  a  detailed  analysis  of  carotenoids  and  their 
transformation  products  extracted  from  suspended  partculate  matter  and 
sediment  trap  material  collected  in  Buzzards  Bay,  Massachusetts.  The 
study  will  focus  on  the  transformation  reactions  of  the  four 
quantitatively  most  abundant  carotenoids  observed  by  Jeffrey  and  Neveux: 
astaxanthin  (from  zooplanktonic  crustacea),  diadinoxanthin  (from  diatoms 
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and  dinoflage Hates) ,  fucoxanthin  (from  diatoms),  and  peridinin  (V)  (from 
dinof lagellates) .  These  four  pigmencs  provide  a  good  cross-section  of 
functional  groups  reactive  under  a  variety  of  relatively  mild  conditions 
(Liaaen-Jensen,  1971).  In  addition,  there  is  some  evidence  from  the 
analysis  of  sea  urchin  coelomic  epithelium  that  heterotrophic  metabolism 
of  fucoxanthin  leads  to  novel  degradation  products  (Galasko  et  al. ,  1969). 


EXPERIMENTAL 

Sediment  traps  (Jannasch  e_t  al. .  1980)  were  moored  in  Buzzards  Bay, 
Massachusetts  (41°32'N,  70°42'W)  4  m  below  the  surface  in  a  10  m  water 
column.  The  traps  were  deployed  for  two  thirty  day  periods  (May  20  -  June 
21,  1980,  sediment  trap  2;  June  21  -  July  22,  1980,  sediment  trap  3). 
Seawater  was  collected  at  a  depth  of  1  m  with  a  30  l  Nisken  bottle 
immediately  after  retrieval  of  sediment  trap  3.  Particulate  matter  from 
seawater  and  sediment  trap  samples  was  filtered  through  pre-combusted 
(450°C,  24  hours)  Gelman  type  AE  glass  fiber  filters,  and  sonic 
extracted  with  MeOH  (twice,  20  min  each)  and  CH^Clj  (once,  20  min). 
Extracts  were  concentrated  to  approximately  200  yJi  by  vaccum  rotary 
evaporation  then  separated  into  compound  classes  by  gel  permeation 
chromatography  on  100A  yStyragel  (Waters  Associates,  Milford,  Mass.; 

USA.).  The  carotenoid  fraction  was  collected,  reconcentrated,  then 
separated  into  individual  components  by  high  pressure  liquid 
chromatography  (HPLC)  using  a  Waters  Associates  10  urn  amino  (Buzzards  Bay 
sediment  trap  2)  and  a  Spheriaorb  5  ym  amino  column  (suspended  particulate 
matter.  Buzzards  Bay  sediment  trap  3)  eluted  for  45  min  with  a  linear 
gradient  of  hexane  and  0-13%  MeOH/THF  (20/80,  v/v)  at  2  ml/min.  After  55 
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minutes,  the  composition  of  the  eluant  was  stepped  to  30%  MeOH/THF  in 
hexane  to  elute  polyhydroxy  xanthophy 11s.  Carotenoids  were  detected 
spectroscopically  at  436  nm,  collected,  and  further  analyzed  by  visible 
spectroscopy  and  mass  'spectrometry.  Visible  spectra  were  recorded  on  a 
Cary  118  dual  beam  scanning  spectrophotometer.  Mass  spectra  were 
collected  on  a  Finnigan  3200  quadrupole  mass  spectrometer  interfaced  with 
an  Incos  (Finnigan)  2300  data  system.  All  operations  were  performed  at  or 
below  20°C  and  in  low  light  conditions.  A  more  detailed  description  of 
the  analytical  method  is  given  in  Chapter  5. 


,  RESULTS  AND  DISCUSSION 

Structural  determination  was  made  by  comparison  of  HPLC  retention 
times,  absorption  spectra  and  mass  spectra  with  authentic  standards 
j  (Chapter  4).  Selective  acylation  of  secondary  alcohols  with  acetic 

anhydride  in  pyridine  was  used  to  establish  the  structure  of  fucoxanthinol 
(VI),  fucoxanthinol  5 '--dehydrate  (VII),  and  isofucoxanthinol  5'-dehydrate 
|  (VIII).  Tables  1,  2  and  3  present  compound  identification,  visible  and 

mass  spectral  data  for  Buzzards  Bay  suspended  particulate  matter  and 
sediment  trap  samples  2  and  3  respectively.  The  analysis  is  limited  to 
•  major  carotenoid  components.  The  relatively  low  sensitivity  of  off-line 

direct  insertion  probe  mass  spectrometry,  and  the  incomplete  resolution 
afforded  by  conventional  packed-column  HPLC,  does  not  permit 
identification  of  minor  components.  In  addition,  the  chromatographic 
conditions  do  not  separate  carotene  isomers  (e.g.  a  ,  8  ,  y -carotene, 
lycopene,  etc.),  and  the  specific  isomers  extant  in  fraction  1  of  the 
samples  are  undetermined.  This  fraction  will  therefore  be  referred  to 
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simply  as  "carotene”.  More  complete  separation  and  mass  spectral  analysis 
of  the  complex  carotenoid  mixture  must  await  development  of  on-line  glass 
capillary  HPLC-MS  (Tijssen  et  al. ,  1981). 

Buzzards  Bay  suspended  part iculate  matter  (BBSPM):  Greater  than  95Z 
of  the  carotenoids  isolated  from  BBSPM  >  0.45  ym  can  be  accounted  for  by 
five  pigments:  astaxanthin,  fucoxanthin,  peridinin,  diadinoxanthin  and 
carotene  (Figure  1;  Table  1).  Two  minor  carotenoids,  labelled  A  and  B  in 
Figure  1  are  also  observed.  Compound  A  coelutes  with  authentic  astacene 
(IX),  an  oxidation  product  of  astaxanthin.  Compound  B  coelutes  with 
diadinochrome  (X) ,  the  5 ,8-furanoxide  isomer  of  diadinoxanthin.  These  two 
carotenoids  are  not  considered  to  be  biosynthesized  by  marine  organisms, 
but  are  often  cited  as  analytical  artifacts  (Liaaen- Jensen,  1971).  In  the 
analysis  of  blanks  spiked  with  authentic  astaxanthin  and  diadinoxanthin, 
and  of  cultured  phytoplankton  (Peridinium  triochoidium)  of  known 
carotenoid  composition  (Johansen  eit  al.  ,  1974)  no  degradation  other  than 
cis  •>  trans  isomerization  was  observed  (Chapter  5,  Analytical  Methods). 
Therefore,  the  astacene  and  diadinochrome  in  BBSPM  are  indigenous  to  the 
sample.  These  pigments  most  likely  originate  from  partially  metabolized 
zooplankton  (astacene)  and  phytoplankton  (diadinochrome)  cells. 

The  carotenoid  distribution  in  suspended  particulate  matter 
(Figure  1)  is  indicative  of  a  mixed  zooplankton/ phytoplankton  sample. 
Astaxanthin  (II),  carotene  (I),  diadinoxanthin  (III),  fucoxanthin  (IV), 
peridinin  (V)  and  their  cis  isomers  constitute  greater  than  95Z  of  the 
total  pigments  in  the  sample.  These  five  pigments  are  widely  distributed 
in  common  forms  of  marine  zooplankton  and  phytoplankton.  Astaxanthin  is  a 
major  pigment  of  zooplankton  Crustacea  (euphausiids,  copepods,  etc.) 
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Table  1.  Carotenoid  composition  (2  total  carotenoids)  of  Crustacea 
diatoms,  dinof lagellates,  and  suspended  particulate  matter. 


Astaxanthin 

As  tacene 

B-carotene 

Di ad inoxanth in 

Diadinochrome 

Fucoxanthin 

Peridinin 


*Tanaka  ej:  al. .  1976 
★★Abaychi  and  Riley,  1979 
***johansen  et  al. .  1974 
#  Neveux,  1975;  Jeffrey  1976 


Figure  1.  High  pressure  liquid  chromatogram  of  carotenoids  extracted  from 
Buzzards  Bay  suspended  particulate  matter:  1)  carotene,  2)  aataxanthin,  3) 
diadinoxanthin,  4)  cis  fucoxanthin,  5)  all-trans  fucoxanthin,  6) 
peridinin,  and  7)  cis  peridinin.  Identification  of  peaks  A  and  B 
discussed  in  text.  Conditions:  300  x  3.9  mm  5 y  m  Spherisorb  amino  column 
(slurry  packed  in-house),  eluted  for  45  min  with  a  linear  gradient  of 
0-13%  MeCH/THF  (20/80,  v/v)  in  hexane  at  2  ml/min.  After  55  min  the 
eluant  was  stepped  to  30%  MeOH/THF  in  hexane  for  an  additional  15  min. 
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(Liaaen- Jensen,  1978).  FucoxanChin  and  peridinin  are  the  principal 
photosynthetic  accessory  pigments  in  diatoms  and  dinoflagellates 
respectively  (Johansen  et  al.,  1974;  Jeffrey  et  al. .  1975).  Like 
astaxanthin,  they  comprise  the  bulk  of  carotenoid  pigment  (70-90%)  in 
their  respective  classes  of  organisms  (Table  1).  The  natural  occurrence 
of  carotene  and  diadinoxanthin  is  less  precisely  known.  $ -carotene  is 
widely  distributed  in  nearly  all  carotenoid  containing  marine  and 
terrestrial  plants  and  animals  (Weedon,  1971;  Goodwin,  1976; 

Liaaen- Jensen,  1978).  Diadinoxanthin  is  characteristic  of  aquatic 
photosynthetic  organisms,  including  dinoflagellates  and  diatoms 
( Liaaen- Jensen,  1978).  The  presence  and  distribution  of  these  pigments  in 
suspended  particulate  matter  supports  the  observations  of  Jeffrey  (1974, 
1976)  and  Neveux  (1975),  and  is  consistent  with  the  interpetation  that  the 
major  fraction  of  pigmented  material  in  the  surface  waters  represents 
living  organisms. 

Buzzards  Bay  sediment  trap  samples  (BBST):  Four  classes  of 
carotenoids  were  isolated  and  identified  in  BBST  2  and  3:  1)  fucoxanthin 
and  related  pigments,  2)  diadinoxanthin  and  related  pigments,  3) 
carotenoid  diols,  and  4)  carotenes  (Figures  2,3;  Tables  2,3). 

The  carotenoid  mixture  of  BBST-2  and  BBST -3  (Figures  2,  3)  is  much 
more  complex  than  observed  for  standing  crop  particulate  matter. 
Approximately  60  peaks  can  be  distinguished  in  the  chromatogram  of  BBST-3, 
compared  with  only  24  peaks  in  the  chromatogram  of  BBSPM.  Astaxanthin, 
carotene,  diadinoxanthin,  fucoxanthin,  and  peridinin,  which  represented 
greater  than  95%  of  the  total  carotenoids  in  suspended  particulate  matter, 
represent  less  than  8%  of  the  total  pigments  in  the  sediment  trap  samples 
(Table  4).  Astaxanthin  and  peridinin  were  not  observed  in  either  sediment 


31 


trap.  Fucoxanthin,  diadinoxanthin,  and  carotene  appear  only  as  minor 
components. 

Sediment  traps  are  designed  to  collect  rapidly  sinking  large 
particles  not  typically  collected  by  conventional  water  samplers. 
Microscopic  examination  of  material  collected  in  other  sediment  traps 
(Bishop  et  al, ,  1978;  Honjo,  1978,  1980;  Staresinic,  1982;  Stares inic  et 
al. ,  1982)  has  demonstrated  that  a  large  fraction  of  the  particulate 
matter  collected  originates  from  the  primary  vertical  flux  of  material 
from  surface  waters  in  the  form  of  fecal  pellets,  molts,  carcasses,  and 
other  debris  produced  by  heterotrophic  organisms,  the  sediment  trap 
samples  collected  for  this  study  were  deployed  in  a  relatively  shallow 
water  column  (10  m).  Roman  and  Tenore  (1978)  and  Roman  (1978)  have 
studied  the  resuspension  of  surface  sediments  at  this  same  site  in 
Buzzards  Bay.  Greater  than  50%  increases  in  particulate  organic  carbon 
and  chlorophyll-£  were  observed  during  tidal  cycles.  These  studies 
indicate  that  a  large  portion  of  the  material  collected  in  the  trap  may 
originate  from  resuspension  of  surface  sediments.  This  hypothesis  is 
consistent  with  the  carotenoid  distribution  in  BBST-2  and  BBST-3.  The 
qualitative  and  quantitative  distribution  of  pigments  in  the  two  sediment 
trap  samples  is  virtually  identical.  Such  a  result  would  be  expected  if 
the  traps  were  sampling  the  top  0-3  cm  of  sediments,  where  short  term 
fluctuations  in  inputs  and  transformations  would  be  averaged  over  the  last 
0-10  yr. 

Fucoxanthin  Related  Pigments-  Authentic  all-trans  fucoxanthin 
co-elutes  with  fraction  6,  BBST-2  and  fraction  7,  BBST-3  (Figures  2,  3). 
Comparison  of  visible  and  mass  spectra  confirm  the  identification  of  these 
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Figure  2.  High  pressure  liquid  chromatograms  of  Buzzards  Bay  sediment 
trap  sample  2.  A)  gradient  stopped  after  45  min.  B)  gradient  stopped  after 
45  min,  after  55  min  gradient  stepped  to  30Z  MeOH/THF  (20/80,  v/v)  in 
hexane.  Peak  numbers  refer  to  fractions  in  Table  2.  Conditions  given  in 
Figure  1  legend. 
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Figure  3.  High  pressure  liquid  chromatogram  of  Buzzards  Bay  sediment  trap  3. 
Peak  numbers  refer  to  fractions  in  Table  3.  Conditions  given  in  Figure  1 
legend. 
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11  Isof ucoxanthlnol  (475),  450,  (430)  617(20),  599(66),  581(43),  563(10),  541(15) 

197(100) 

12  Unidentified  fuco-pigment  635(13),  633(11),  617(36),  599(27),  581(7) 

563(5),  541(6),  525(7),  197(100) 


Table  4'.  Quantitative  distribution  of  fucoxanthin  related 
carotenoids  (fucopigments)  in  BBST-2  and  BBST-3. 


%Total  Fucopigments 


BBST-2 

BBST-3* 

Fucoxanthin  (IV) 

9 

5 

Fucoxanthinol  (VI) 

61 

69 

Isofucoxanthinol  (XII) 

21 

12 

Fucoxanthin  5 '-dehydrate  (XI) 

2 

1 

Fucoxanthinol  5' -dehydrate  (VII) 

6 

6 

Isofucoxanthinol  5 '-dehydrate  (VIII) 

_0 _ 

7_ 

100% 

100% 

*0.50  mg  total  pigments/gdw  sediment.  Determined  spectroscopically  on 
whole  extract  at  450nm  ( \  max)  assuming  e  *10^  1/mole  cm  and  an 
average  molecular  weight  of  616  amu  (  £  (MW)(X%)). 
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fractions  as  all-trans  fucoxanthin  (Tables  2,  3).  Amass  spectrum 
characteristic  of  fucoxanthin  was  also  observed  for  fraction  8  of  BBST-2. 
The  visible  spectrum  of  this  compound  in  acetone  has  a  single  maximum  at 
447  nm,  flanked  by  two  shoulders  at  (470)  and  (425)  nm.  All-trans 
fucoxanthin  has  maxima  at  449 , (425) (acetone) .  The  2  nm  difference  in  the 
principal  absorption  maxima  is  consistent  with  the  1-3  nm  bathochromic 
shift  observed  for  trans  -♦-cis  isomerization  (Figure  4)  (Vetter  et  al. , 

1971;  Bernhard  et  al. ,  1974;  Moss  and  Weedon,  1976).  Co-injection  of 
fraction  8  of  BBST-2  with  cis/ trans  isomeric  fucoxanthin  produced  by 
thermal  equilibration  of  all-trans  fucoxanthin  confirmed  the  assignment  of 
this  fraction  as  cis-fucoxanthin  isomer(s)  (stereochemistry  unassigned). 

Fractions  2,  3,  5,  and  7  from  BBST-2  and  fractions  2,  6,  8,  9,  10, 

11  and  12  from  BBST-3  have  characteristic  ions  (M+l,  M+l- 18,  M+l-60, 

M+ 1-170;  m/z  197)  which  identify  these  fractions  as  fucoxanthin  derived 
pigments  (hereafter  refered  to  as  fucopigments) .  Mass  and  visible  spectra 
support  the  identification  of  fraction  2  of  BBST-2  and  fraction  2  of 
BBST-3  as  fucoxanthin  5'-dehydrate  (XI),  fraction  7  of  BBST-2  and  fraction 
8  of  BBST-3  as  fucoxanthinol  5'-dehydrate  (VII),  fraction  9  of  BBST-3  as  a 
mixture  of  cis-fucoxanthinol  5'-dehydrate  (VII)  and  isofucoxanthinol 
5 '-dehydrate  (VIII),  fraction  10  of  BBST-3  as  fucoxanthinol  (VI),  and 
fraction  11  of  BBST-3  as  isofucoxanthinol  (XII).  Coinjection  of  authentic 
fucoxanthinol  (Chapter  4)  confirmed  the  identification  of  fraction  10  of 
BBST-3  as  this  compound. 

Fraction  12  of  BBST-3  had  mass  fragments  with  m/z  ■  635,  633,  617, 
599,  581,  541  and  197.  Analogous  fragments  were  observed  in  the  mass 
spectra  of  other  fuco-pigments.  This  fraction  is  considered  to  be  a 
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fucopigment(s) ,  although  its  structure  has  not  been  determined.  Complete 
structural  elucidation  will  require  isolation  of  larger  quantities  of  this 
pigment  for  derivatization.  The  mass  spectra  of  fractions  3  and  5  of 
BBST-2,  and  fraction  6  of  BBST-3  include  minor  fragments  at  m / z  *  599  and 
581;  consistent  with  dehydro-fucoxanthinol  isomers.  Fucopigments  of  the 
5 '-dehydro  series  have  already  been  identified.  These  compounds  may 
represent  3,  5  or  3'  dehydro  isomers  of  fucoxanthinol  and  isofucoxanthinol 
as  illustrated  in  Figure  5. 

Fucoxanthin  (IV)  is  the  major  carotenoid  in  diatoms  and  some 
dinoflagellates,  and  ia  the  major  phytoplankton  carotenoid  in  standing 
crop  suspended  particulate  matter  (Table  1).  In  BBST-2  and  3  fucoxanthin 
comprised  only  4-7%  of  the  total  carotenoids  and  5-9Z  of  the  total 
fucopigments  (Table  4).  The  remaining  91-95%  of  the  total  fucopigments 
consisted  of  the  fucoxanthin  transformation  products:  fucoxanthinol, 
isofucoxanthinol,  fucoxanthinol  5 '-dehydrate,  isofucoxanthinol 
5 '-dehydrate ,  and  fucoxanthin  5 '-dehydrate.  Together  these  compounds 
consitute  82%  of  the  total  carotenoids. 

Fucoxanthinol  (VI)  is  the  most  abundant  carotenoid  in  the  samples 
(Figures  2,  3;  Tables  2,  3,  4).  Acylation  of  fraction  10  of  BBST-3  with 
acetic  anhydride  in  pyridine  yields  fucoxanthin  3-acetate  (XIII)  which 
co-elutes  with  authentic  fucoxanthin  3-acetate  synthesized  from 
fucoxanthin  (Chapter  4).  Thermal  isomerization  of  fucoxanthin  3-acetate 
synthesized  from  fraction  10  of  BBST-3  produces  an  equilibrium  mixture  of 
cis  isomers  identical  in  both  chromatographic  retention  time  (HPLC)  and 
relative  abundance  to  those  derived  from  thermal  isomerization  of 
authentic  fucoxanthin  3-acetate  (Table  5). 


Figure  4.  Visible  spectra  of  A)  BBST-2  fraction  6  (all-trans  fucoxanthin) 
and  B)  BBST-2  fraction  8  (cis  fucoxanthin).  Spectra  recorded  in  hexane  on 
a  Cary  118  scanning  spectrophotometer. 
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The  escer  hydrolysis  which  converts  fucoxanthin  to  fucoxanthinol  can 
occur  via  two  pathways;  a  base-catalyzed  chemically  mediated  ester 
hydrolysis,  or  biochemical  metabolism  (esterase).  Base-catalyzed  ester 
hydrolysis  seems  unlikely  as  epoxide  opening  (formation  of  iso 
derivatives)  should  precede  ester  hydrolysis  (Bonnett  et  al. ,  1969; 

Nitsche,  1974).  Figure  6  presents  kinetic  data  from  the  reaction  of 
fucoxanthin  with  0.01N  KOH  in  MeOH/HjO  (90/10).  The  data  suggest  a 
reaction  sequence:  fucoxanthin  (IV)-*-  isofucoxanthin  (XIV)  "*■ 
isofucoxanthinol  (XII).  No  fucoxanthinol  was  observed.  In  BBST-2  and 
BBST-3  fucoxanthinol  and  fucoxanthin,  which  retain  the  5,6-epoxide, 
predominate  over  their  opened  epoxide  derivatives  isofucoxanthinol  and 
isofucoxanthin.  This  suggests  a  reaction  sequence  of:  fucoxanthin  (IV)-*- 
fucoxanthinol  (VI)  isofucoxanthinol  (XII) . 

Rather  than  chemical  ester  hydrolysis,  biochemical  metabolism  by 
zooplankton  and  other  higher  organisms  is  proposed.  Fucoxanthinol  has 
been  reported  as  a  minor  component  in  some  marine  algae  (Nitsche,  1974; 
Berger  ej:  al. ,  1977)  ,  and  is  thought  to  be  an  intermediate  in  fucoxanthin 
biosynthesis  (Liaaen- Jensen,  1977;  1978).  Fucoxanthinol  has  also  been 
found  as  a  major  fucopigment  in  the  gut  of  sea  urchins  (Galasko  et  al. 
1969;  Hora  et  al. ,  1970),  so  that  it  is  not  unreasonable  to  assume  that 
other  higher  heterotrophs  have  the  ability  to  hydrolyze  fucoxanthin 
without  rearranging  the  epoxide.  Since  resuspended  surface  sediments  that 
are  the  source  of  the  material  collected  in  the  sediment  traps  are  rapidly 
reworked  by  heterotrophic  organisms  (Rhodes  and  Young,  1970),  it  is 
proposed  that  fucoxanthinol  represents  a  metabolite  of  this  heterotrophic 
activity. 


46 


Table  5.  Thermal  isomerization  of  fucoxanthin  3'-acetate 


Retention  Time  (min.)*  Peak  Area 


Isomer 

Run  1 

Run  2 

Run  1 

Run  2 

Authentic  fucoxanthin  3 

'-acetate 

(from  fucoxanthin) 

cis  isomer  1 

0.88 

0.88 

0.088 

0.081 

cis  isomer  2 

0.95 

0.96 

0.27 

0.27 

all  trans 

1.0 

1.0 

1.0 

1.0 

cis  isomer  3 

1.13 

1.17 

0.20 

0.19 

Fucoxanthin  3 '-acetate 

(from  BBST 

-3,  fraction  10) 

cis  isomer  1 

0.90 

0.86 

** 

0.079 

cis  isomer  2 

0.96 

0.96 

— 

0.26 

all  trans 

1.0 

1.0 

— 

1.0 

cis  isomer  3 

1.14 

1.14 

— 

0.19 

*300  x  3.9  mm  Spherisorb  5y  m  amino  column  eluted  with  51  B  (B  * **  20% 
MeOH/THF,  20/80),  95%  hexane  at  2  ml/min.  Peak  areas  and  retention  times 
are  normalized  to  the  all-trans  peak. 

**lnauf ficient  sample  to  make  accurate  measurements  of  peak  area  for  this 


run 


Figure  6.  Kinetics  of  base-catalyzed  epoxide  opening  and  ester  hydrolysis 
of  fucoxanthin  in  O.lnM  KOH  MeOHrl^O  (90:10). 


The  mass  spectra  of  fucoxanthin  dehydrate  (XI)  ,  fucoxanthiaol 
dehydrate  (VII)  ,  and  isofucoxanthinol  dehydrate  (VIII)  are  consistent  with 
loss  of  the  tertiary  alcohol  at  the  51  position  (Figure  7).  The  mass 
fragment  Mf  1-170  arises  from  cleavage  of  the  7,8  bond  a  to  the  8-ketone. 
The  resulting  mass  fragments  (m/ z  471 .  429)  correspond  to  a  loss  of  a 
hydroxyl  group  at  either  the  secondary  3'  or  tertiary  5'  position. 
Acylation  of  the  isolated  fucoxanthinol  dehydrate  and  isofucoxanthinol 
dehydrate  with  acetic  anhydride  in  pyridine  yields  a  diacetate.  Under  the 
conditions  used  in  this  synthesis,  acetic  anhydride  in  pyridine  acylates 
only  primary  and  secondary  hydroxyl  groups.  The  mass  increase  of  84  amu 
for  the  acylated  dehydrate  over  the  underivatized  parent  is  consistent 
with  the  esterification  of  the  two  hydroxyl  groups  at  the  3  and  3' 
position  (Figure  7).  Therefore  dehydration  of  fucoxanthinol, 
isofucoxanthinol,  and  by  analogy  fucoxanthin  proceeds  with  loss  of  tne 
tertiary  5' -alcohol. 

The  site  of  double  bond  formation  from  acid  catalyzed  dehydration  of 
the  tertiary  5 '-alcohol  is  presently  a  matter  of  debate.  Egger  et  al. 
(1969)  and  Nitsche  et  al.  (1969)  dehydrated  neoxanthin  (XV)  and  neoxanthin 
diacetate  (XVI)  with  0.02N  HCl/CHCl^.  Three  products  were  formed, 
differing  in  the  position  of  the  resultant  double  bonds.  The  5' ,18'-ene 
(Figure  8)  was  the  major  product  of  both  reactions  (60-73Z),  followed  by 
the  5',6'-ene,  7',8'-yne  (20-25Z)  and  the  3', 4'-,  5',18'-diene  (presumably 
from  rapid  dehydration  of  the  allylic  4',5'-ene)  (0-20Z)  (Figure  8).  In 
contrast,  Bonnett  et  al.  (1969)  dehydrated  fucoxanthin  with  phosphoryl 
chloride  and  reported  only  4*  ,5'-ene  formation.  More  thorough  studies  of 
this  reaction  (Nitsche,  1970,  1972;  Johansen  and  Liaaen- Jensen,  1974; 
Buchecker  and  Liaaen- Jensen,  1975)  with  neoxanthin  (XV),  neoxanthin 


Figure  7.  Chemical  ionization  mass  spectra  of  A)  fucoxanthinol-5 '- 
dehydrate  (BBST-3  fraction  8)  (M+29  -  627,  M+l-  599,  M+l-18  -  581, 

M+l- 18- 18  -  563,  M+l-92  -  507,  M+l-154  -  445,  M+l-170  -  429),  B) 
fucoxanthinol  (5?)  5'-dehydrate  (BBST-3  fraction  8)  acylated  with  acetic 
anhydride  in  pyridine  (M+l  -  683,  M+l-18  -  665,  M+l-60  »  623,  M+ 1-60- 18  - 
605,  M+l-92  -  591,  M+ 1-106  *  577,  M+ 1-60-60  -  563,  M+ 1-92-42  -  549, 

M+l- 2 12  •  471,  M+l- 2 12-4 2  -  429,  M+l-212-60  -  411),  and  C)  fucoxanthinol 
(BBST-3  fraction  10)  acylated  with  acetic  anhydride  in  pyridine  (M*-l  * 
701,  M+l-18  -  683,  M+l-60  -  641,  M+l-60-18  -  623).  Instrumental 
conditions:  CH^  reagent  gas  at  900  ym,  ionization  voltage  130  eV, 
ionization  current  500  uA. 
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diacetate  (XVI),  fucoxanthin  acetate  (XIII),  peridinin  (V),  peridinin 
acetate  (XVII),  and  minulaxanthin  (XVIII)  dehydrated  with  CHCl^/HCl  and 
phosphorous  oxychloride  (POCl^)  suggested  that  dehydration  occurs  with 
formation  of  all  three  isomers  as  reported  by  Egger  ££ a_l.  (1969)  and 
Nitsche  et  al.  (1969).  Unfortunately,  yields  were  not  reported,  so  the 
product  specificity  and  selectivity  of  reagents  and  reaction  conditions 
cannot  be  evaluated. 

The  site  of  double  bond  introduction  for  fucoxanthin  5 '-dehydrate , 

fucoxanthinol  5 '-dehydrate ,  and  isofucoxanthinol  5 '-dehydrate  isolated 

from  BBST-2  and  BBST-3  was  not  fully  established.  Moss  and  Weedon  (1976) 

have  proposed  that  loss  of  ketene  is  characteristic  of  allylic  acetate 

esters  (Chapter  4,  Figure  7).  Loss  of  ketene  (M+l-42)  is  not  observed  in 

mass  spectra  of  fucoxanthin  and  fucoxanthin  3-acetate.  However  fragments 

corresponding  to  loss  of  ketene  are  observed  in  the  mass  spectra  of 

dehydrates  isolated  from  Buzzards  Bay  sediment  trap  samples  (see 

M+ 1-212-42  =  429  for  3 ,3 '-diacetyl-fucoxanthinol  5 '-dehydrate) .  The  data 

is  consistent  with  the  observation  of  Bonnett  et  al.  (1969),  and  the 

double  bond  is  tentatively  assigned  to  the  4', 5'  position.  However,  it 

must  be  noted  that  the  observed  enhancement  of  the  M+l-42  fragment  in  the 

mass  spectra  of  fuco-dehydrates  requires  only  that  some  of  the  pigment  in 

these  fractions  has  the  double  bond  in  the  4', 5'  position.  Major  mass 

fragments  are  also  observed  at  M+l-60,  and  it  cannot  be  determined  if 

these  fragments  arise  from  loss  of  acetic  acid,  or  loss  of  ketene  and 

water.  Definitive  assignment  of  the  double  bond  position  must  await 

synthesis  of  the  double  bond  isomers  and  isolation  of  sufficient  material 

13 

for  comparative  chromatographic,  IR,  and  C  and  proton  NMR  studies. 
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Figure  8.  5'-hydroxyl  dehydration  of  neoxanthin  with  0.02  N  HCI/CHCI3, 
after  Egger  et  al.  (1969).  Compound  in  parenthesis  was  not  isolated. 
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Determining  the  mechanism  of  dehydration  is  difficult.  There  are  no 
reports  of  naturally  occurring  fucoxanthin  dehydrates,  and  there  is  little 
evidence  to  favor  either  a  biochemically  or  chemically  mediated  reaction. 
Chemically,  an  acid  catalyzed  dehydration  seems  most  likely.  However, 
substantial  amounts  of  the  unrearranged  5,6  epoxide,  diadinoxanthin  (III) 
is  observed  in  both  sediment  trap  samples.  Under  acidic  conditions  the 
5,6  epoxide  rapidly  rearranges  to  the  5,8  furanoxide,  diadino chrome  (X). 
When  reacted  with  acids,  neoxanthin  (XV)  which  has  a  3-hydroxy-5 ,6-epoide 
(like  diadinoxanthin)  and  a  tertiary  5'-hydroxyl  (like  fucoxanthin), 
undergoes  epoxide  rearrangment  before  dehydration.  If  the  acidic 
conditions  necessary  to  dehydrate  fucoxanthin  existed  in  the  samples,  all 
the  diadinoxanthin  should  have  rearranged  to  the  5,8  furanoxide. 

Therefore,  the  dehydration  of  fucopigments  is  probably  not  a  result  of 
chemical  acid  catalysis,  but  a  more  site-specific  metabolic  reaction. 

The  dehydration  of  sterols  (Bhead  et_  al. ,  1971;  Rubenstein  et  al. , 
1975;  Dastillung  and  Albrecht,  1977;  Gagosian  and  Farrington,  1978),  amino 
acids  (Bada  and  Hoopes,  1979),  and  phytol  (Simoneit,  1973;  De  Leeuw  et 
al. .  1977),  occurs  in  a  variety  of  marine  environments  and  both  chemical 
and  biochemical  mechanisms  have  been  proposed.  The  dehydration  of  stanols 
is  structurally  analogous  to  the  dehydration  of  the  secondary  3  or  3' 
hydroxyl  of  carotenoid  alcohols.  Fractions  3  and  5,  BBST-2  have  mass 
spectra  consistent  with  the  assignment  of  these  peaks  as  3,  5  or  3' 
dehydrates  of  (iso)fucoxanthinol.  However,  the  structural  assignment  is 
not  definitive.  At  most  it  can  be  concluded  that  dehydration  of  the  3  or 
3'  alcohol  is  a  minor  reaction. 
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The  major  dehydration  products  of  fucoxanthin  arise  from  loss  of  the 
tertiary  5'-alcohol.  This  suggests  either  that  different  processes  are 
operative  in  the  dehydration  of  stanols  and  carotenoid  alcohols,  or  there 
is  a  general  process  which  displays  an  order  of  biochemical  reactivity 
(i.e.  tertiary  alcohols  dehydrate  faster  than  secondary  alcohols).  In  the 
latter  case  a  sequential  dehydration  through  the  5 '-monodehydro-,  the  3,5' 
(or  3', 5')  didehydro-  and  the  3,3'5'  tridehydro-derivatives  should  be 
observed.  This  hypothesis  could  be  verified  by  an  analysis  of  surface 
sediments  which  contain  high  concentrations  of  sterenes  as  in  surface 
sediments  from  the  Southwest  African  shelf  and  slope  (Gagosian  and 
Farrington,  1978).  If  sterols  and  carotenoids  are  dehydrated  by  the  same 
process,  thebe  sediments  should  have  a  high  concentration  of  carotenoid 
mono-  and  di-de hydrates. 

Isofucoxanthinol  (XII)  was  the  second  most  abundant  pigment  in 
BBST-2  and  BBST-3.  Isofucoxanthinol  5'-dehydrate  (VIII)  was  also  an 
important  fucopigment  in  BBST-3.  Bonnett  et  al.  (1969)  observed  trace 
quantities  of  isofucoxanthin  and  isofucoxanthinol  in  their  analysis  of 
Fucus  vesiculosus.  The  authors  concluded  that  these  compounds  originate 
from  reactions  on  alumina  during  chromatographic  purification,  and  were 
not  natural  products.  A  subsequent  study  by  Nitsche  (1974)  confirmed  this 
hypothesis.  Nitsche  extracted  150  kg  (wet  weight)  of  Fucus  vesiculosus 
and  purified  the  carotenoid  pigments  by  chromatography  on  silica.  Neither 
isofucoxanthin  nor  isofucoxanthinol  were  isolated.  In  the  present  study 
no  opening  of  the  fucoxanthin  5,6  epoxide  was  observed  in  blanks  spiked 
with  fucoxanthin  or  in  samples  of  Buzzards  Bay  suspended  particulate 
matter.  Therefore  opened  epoxides  (iso-compounds)  observed  in  sediment 
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trap  samples  are  believed  to  be  indigenous  to  the  samples.  Glasko  e£  al. 
(1969)  did  not  report  any  isofucoxanthin  or  isofucoxanthinol  in  the 
coelomic  epithelium  of  the  sea  urchin  Paracentrotus  lividus .  Metabolism 
by  these  organisms  apparently  does  not  open  the  5,6  epoxide  of 
fucoxanthin.  Griffiths  and  Perrot  (1976)  also  report  a  fucopigment  as  the 
major  carotenoid  (80%)  in  the  gut  of  the  sea  urchin  Strongylocentrotus 
drobachiensis.  The  authors  denote  this  pigment  as  isofucoxanthin. 

However,  no  structural  determination  was  made  and  the  pigment  is  probably 
fucoxanthinol.  Since  epoxide  opening  is  a  facile  chemical  reaction,  the 
source  of  isofucoxanthinol  and  isofucoxanthinol  5 '-dehydrate  in  the 
Buzzards  Bay  sediment  trap  samples  is  considered  to  be  a  chemically 
mediated  reaction. 

Diadinoxanthin,  Diadinochrome,  and  Related  Pigments-  Authentic 

diadinoxanthin  co-elutes  with  fraction  4  of  BBST-2  and  fraction  5  of 

BBST-3.  In  support  of  this  assignment,  fraction  4  of  BBST-2  has 

absorption  maxima  at  477,  447,  424  (acetone)  and  m/z  583  (872 ) ,  565 

(M+1-H20)(36Z),  and  181(100%).  Fraction  5  of  BBST-3  had  m/z  583(61%), 

565(35%),  and  181(100%).  Authentic  diadinoxanthin  had  X  477,  447, 

max 

425  (acetone),  and  m/z  583  (100%),  565  (78%),  181  (100%).  Baidas  et  al. 
(1966)  have  proposed  that  the  mass  fragment  m/z  181  is  characteristic  of 
3-hydroxy-5 ,6-epoxy  and  3-hydroxy-5 ,8-furanoxides.  A  mechanism  of  5,6 
5,8  epoxide  rearrangement  followed  by  fission  of  the  8,9  bond  was  proposed. 

HPLC  fraction  4  of  BBST-3  coelutes  with  authentic  diadinochrome 
(X).  Major  mass  fragments  at  m/z  583,  565,  and  181  support  this 
assignment.  The  sample  was  stored  at  -20°C  for  5  months  prior  to 
analysis.  Transformation  of  diadinoxanthin  to  diadinochrome  is  observed 
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in  suspended  particulate  sample  extracts  (MeOH)  stored  at  -20°C  for 
similar  periods  (Chapter  3).  The  diadinochrome  observed  in  BBST-3  is  most 
likely  a  storage  artifact.  This  conclusion  is  supported  by  the  analysis 
of  BBST-2,  which  was  done  immediately  after  retrieval  of  the  sample.  No 
diadinochrome  was  observed  in  this  sample. 

Three  other  peaks:  fraction  5  of  BBST-2  and  fractions  3  and  6  of 
BBST-3,  have  mass  spectra  with  fragments  characteristic  of  diadinoxanthin 
(m/ 2 ,  583,  565).  Fraction  5  of  BBST-2  and  fraction  6  of  BBST-3  have  the 
same  relative  retention  time  and  major  mass  fragments  at  m/z  583,  565 
(m-1-18) ,  and  547  (M*l- 18-18) .  These  fractions  elute  as  a  mixture  of  at 
least  three  compounds.  Futher  separations  with  HPLC  (5  pm  Spherisorb 
amino,  eluted  with  mixtures  of  Hexane: MeOH /THF)  were  not  successful.  The 
mass  spectrum  includes  a  major  mass  fragment  corresponding  to  M+l-18-18. 
Loss  of  two  molecules  of  water  is  not  typically  observed  in  Cl  mass 
spectra  of  carotenoid  secondary  diols,  but  is  observed  for  carotenoid 
triols  which  have  a  tertiary  hydroxyl  group.  In  addition,  no  prominent 
fragment  with  m/z  181  is  observed  in  the  mass  spectrum  of  fraction  6  of 
BBST-3  (fraction  5  of  BBST-2  was  not  scanned  below  m/z  220).  Therefore 
this  compound  is  not  a  5,6  or  5,8  epoxide.  A  stucture  consistent  with  the 
chromatographic  and  mass  spectral  data  is  the  5-hydroxy-l,2-ene  derivative 
of  diadinoxanthin  (Figure  9).  A  mechanism  of  formation  from 
diadinoxanthin  is  given  in  Figure  9.  The  mass  spectrum  of  fraction  3, 
BBST-3  also  does  not  include  a  major  fragment  with  m/z  181.  Therefore  the 
6-hydroxy-4 ,5-ene  or  6-hydroxy-5 , 18-ene  derivative  of  diadinoxanthin  is 
proposed  for  this  compound.  Further  characterization  of  these  fractions 
must  await  derivatization  and  spectroscopic  studies. 


( Fraction  6,  BBST-3 ) 


Carotenoid  Alcohols  -  HPLC  fractions  2,  3  and  5  of  BBST-2,  and 
fraction  6  of  BBST-3  display  mass  fragments  characteristic  of  carotenoid 
diols  (M+l;  M+l-18).  The  pseudomolecular  ion  (m/z  369)  of  BBST-2  fraction 
2  requires  characteristic  of  the  widely  distributed 

carotenoid  3,3 '-diols  lutein  (XIX),  zeaxanthin  (XX),  and  tunaxanthin 
(XXI).  Lutein  and/or  zeaxanthin  are  distributed  in  nearly  all  higher 
plants,  and  many  marine  algae,  fish,  and  crustaceans.  Tunaxanthin  is 
restricted  in  distribution  to  marine  fish  (Ronneberg,  1978;  Liaaen-Jensen, 
1978).  Carotenoid  3,3'  diols  were  not  observed  in  suspended  particulate 
matter,  and  it  seems  unlikely  that  marine  phytoplankton  and  zooplankton 
are  the  source  of  this  fraction  in  sediment  trap  material.  A  more 
probable  source  may  be  more  resistant  terrestrial  plant  material  or 
macroscopic  marine  organisms  such  as  fish.  Farrington  et  al.  (1977), 
Farrington  and  Tripp  (1977),  and  Lee  et  al.  (1977)  report  significant 
concentrations  of  terrestrial  plant  hydrocarbons,  fatty  acids,  and  sterols 
in  Buzzards  Bay  surface  sediments.  An  input  from  this  source  would 
contribute  lutein,  zeaxanthin,  violaxanthin  (XXII),  and  neoxanthin  (XV). 
However,  violaxanthin  and  neoxanthin  were  not  observed  in  either  sediment 
trap  sample.  Evidently  terrestrial  plants,  which  contribute  a  major 
portion  of  the  more  resistant  lipids  for  other  classes  of  organic 
compounds,  do  not  contribute  significantly  to  the  carotenoids.  Therefore, 
the  diol  observed  in  BBST-2  appears  to  have  a  marine  source. 

Determination  of  the  specific  isomer  of  this  compound  is  needed  to  more 
clearly  establish  its  origin. 

The  mass  spectrum  of  HPLC  BBST-2  fraction  3  and  BBST-3  fraction  6 
includes  fragments  with  s/z  367  and  349  characteristic  of  a  carotenoid 
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alcohol  with  a  molecular  formula  C^qH^/C^.  On  the  basis  of 
retention  time,  these  fractions  are  most  likely  diols.  Marine  carotenoid 
diols  with  C/rtHc/0-  include  diatoxanthin  (XXIII)  and  monadoxanthin 
(XXIV).  Diatoxanthin  is  a  major  pigment  in  many  marine  diatoms  and 
dinoflagellates ,  however  the  HPLC  retention  time  of  this  pigment  does  not 
correspond  with  fraction  5.  Monadoxanthin  is  a  minor  carotenoid  in  algae 
from  the  class  Crytophyceae.  These  organisms  are  not  considered  to  be 
significant  contributors  to  the  organic  matter  in  Buzzards  Bay.  In 
addition,  monadoxanthin  differs  from  diatoxanthin  only  in  the  position  of 
the  5,6  double  bond  (retro  shift  in  monaxanthin  to  the  4,5  position). 

Other  double  bond  isomer  pairs  of  this  class  (a  , B  -carotene;  lutein  and 
zeaxanthin)  are  not  separated  by  the  chromatographic  procedure,  and  it  is 
doubtful  whether  the  technique  would  separate  diatoxanthin  from 
monadoxanthin.  Therefore,  on  the  basis  of  HPLC  retention  time,  fraction  5 
of  BBST-3  is  probably  not  monadoxanthin.  Further  separation  and 
structural  elucidation  is  necessary  to  fully  establish  the  origin  of  this 
compound . 

HPLC  fraction  3  of  BBST-2  includes  carotenoids  with  C4o°2H52 
(m/z  565).  The  most  widely  distributed  carotenoid  of  this  series  is 
canthaxanthin  (XXV);  a  dione.  However,  authentic  canthaxanthin  does  not 
co-elute  with  this  fraction.  The  chromatographic  retention  time,  mass 
spectra,  and  multiple  absorption  maxima  at  478,  451,  and  421  nm  are 
consistent  only  with  a  diol.  Conjugated  keto  carotenoids  typically 
display  absorption  spectra  with  no  fine  structure  (i.e.  a  single 
absorption  maximum).  The  visible  spectra  of  echinenone  (XXVI)  (mon-one) , 
canthaxanthin  (XXV)  (di-one),  and  astacene  (IX)  (tetra-one)  ail  contain 
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only  one  absorption  maximum.  In  contrast,  their  hydroxyl  analogues 

display  spectra  with  three  distinct  absorption  maxima  (Davies,  1976;  see 

also  Figure  8,  Chapter  4).  The  mass  fragment  m/z  547  is  consistent  with 

loss  of  water,  a  fragmentation  not  observed  for  carotenoid  ketones. 

Carotenoid  diols  with  a  molecular  formula  CJr.^0HC0  are  neither 

40  2  52 

qualitatively  nor  quantitatively  significant  pigments  (Straub,  1971).  The 
observation  of  a  major  fraction  with  this  composition  suggests  a 
degradation  product,  perhaps  3  or  3 ' -dehydrodiadinoxanthin.  Further 
characterization  is  needed  before  a  more  complete  structural  assignment 


can  be  made. 


Carotenes  -  HPLC  fraction  1  of  BBST-2  and  fraction  1  of  BBST-3 
eluted  as  broad  peaks  with  multiple  shoulders.  The  mixture  had  visible 
absorption  maxima  at  666,  612,  535,  and  411  nm  characteristic  of 
chlorophyll  pigments,  and  475,  and  450  nm  characteristic  of  carotenoids. 
Mass  fragments  were  observed  at  m/z  549,  547,  537,  535,  523,  521,  495, 
411,  and  409  (Tables  2,  3).  The  mass  fragment  at  m/ z  537  corresponds  to 
the  molecular  ion  of  carotene  (C^qH^,  MW  536).  Attempts  at  further 
separation  of  the  mixture  on  silica  (hexane),  and  RP-C18  (80/20; 

MeOH/H^O)  HPLC  were  unsuccessful. 

Other  Pigments  -  HPLC  fraction  3  of  BBST-3  contains  mass  fragments 
with  m/z  613,  595,  and  553,  consistent  with  the  assignment  of  this 
fraction  as  peridinin  5'-dehydrate  (XXVIII).  By  analogy  with  the  major 
series  of  fucoxanthin  dehydrates,  dehydration  is  expected  to  occur  at  the 
5'-alcohol. 
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CONCLUSIONS 

The  carotenoid  distribution  in  suspended  particulate  matter  from 
Buzzards  Bay  reflects  the  planktonic  origin  of  the  sample.  No  significant 
concentration  of  transformation  products  were  observed,  which  is  in 
agreement  with  the  result  of  Jeffrey  (1974,  1976)  and  Neveux  (1975). 

Trace  quantities  of  the  transformation  products  astacene  (IX)  and 
diadinochrome  (X)  were  observed  and  may  represent  a  detrital  component. 
Analysis  of  suspended  particulate  matter  collected  in  oceanic  deep  water 
is  needed  to  substantiate  this  hypothesis. 

Approximately  952  of  the  carotenoids  isolated  from  sediment  trap 
samples  represent  transformation  products.  A  biochemically  and  chemically 
mediated  transformation  pathway  for  fucoxanthin  (Figure  10)  is  proposed. 

In  this  pathway  fucoxanthin  is  rapidly  hydrolyzed  to  fucoxanthinol  by 
marine  heterotrophs.  Fucoxanthinol  is  then  slowly  dehydrated  and 
rearranged  to  isofucoxanthinol  5 '-dehydrate .  The  distribution  of 
fucoxanthin  transformation  products  isolated  in  the  sediment  traps 
suggests  that  dehydration  and  epoxide  rearrangement  occur  over 
considerably  longer  time  scales  than  ester  hydrolysis.  Isofucoxanthin  was 
not  isolated  in  either  trap  sample,  and  fucoxanthin  5 '-dehydrate  was 
isolated  only  in  trace  ( <  12)  quantities. 

The  present  set  of  experiments  does  not  permit  modelling  of  the 
water  column  transformation  reactions  independently  of  the  surface 
sediments  due  to  the  problem  of  resuspension.  Consequently,  time  scales 
and  mechanisms  cannot  be  clearly  established.  Assuming  the  sedimentation 
rate  of  2.95  mm/yr  determined  by  Farrington  et  al.  (1977)  and  that  only 
the  bioturbated  zone  of  3  cm  (Farrington  ££  a_l. ,  1977,  Rhoads,  1974)  is 
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Figure  10.  Proposed  transformation  pathway  showing  ester  hydrolysis, 
dehydration,  and  epoxide  opening  for  biochemical  and  chemical 
transformation  of  fucoxanthin.  Isofucoxanthin  (shown  in  parenthesis)  was 
not  isolated  in  this  study. 


Ha  ,  R  =  Ac 


331a,  R  *  Ac 
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resuspended,  Che  maximum  time  of  reaction  for  the  observed  transformations 
is  10  years. 

The  proposed  degradation  pathway  for  fucoxanthin  also  predicts  that 
structurally  similar  carotenoids  (peridinin  (V),  neoxanthin  (XV), 
dinoxanthin  (XXVII)  etc.)  will  undergo  analogous  transformation 
reactions.  The  tentative  assignment  of  fraction  3  of  BBST-3  as  peridinin 
dehydrate  supports  this  hypothesis. 
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CHAPTER  3 

b 

CAROTENOID  TRANSFORMATION  PRODUCTS  IN  THE  UPWELLED  WATERS  OFF  THE 
PERU  COAST:  SUSPENDED  PARTICULATE  MATTER,  SEDIMENT  TRAP  MATERIAL, 
AND  ZOOPLANKTON  FECAL  PELLET  ANALYSIS. 


R 


INTRODUCTION 


The  relacive  significance,  rates,  and  mechanisms  of  organic  matter 
transformation  processes  in  the  water  column  has  become  an  area  of 
intensive  study  (Wiebe  e_t  a_l. ,  1976;  Bishop,  e£  a_l. ,  1977,  1978,  1980; 

Hon jo,  1978,  1980;  Hon jo  and  Roman,  1978;  Spencer  et  al,,  1978;  Hinga  et 
al. ,  1979;  Fhaffenhofer  and  Knowles,  1979;  Rowe  and  Gardner,  1979;  Deuser 
and  Ross,  1980;  Deuser  et  al,,  1981).  The  approach  to  this  problem,  used 
in  the  present  study,  is  to  construct  a  model  for  organic  matter  recycling 
in  the  water  column  that  consists  of  three  parts:  1)  the  synthesis  of 
carotenoid  pigments  by  phytoplankton  in  the  euphotic  zone,  2)  consumption 
of  some  fraction  of  these  pigments  by  heterotrophic  organisms,  and  3) 
removal  of  metabolic  by-products  to  the  sediments  by  large  particle 
transport.  The  model  separates  particulate  matter  into  reservoirs 
according  to  the  degradation  processes  that  have  occurred  since 
synthesis.  The  objective  of  the  present  study  is  to  sample  these 
particulate  reservoirs,  determine  the  compositional  differences  between 
them,  and  construct  a  mechanistic  pathway  for  the  transformations  that 
occur  as  material  is  transferred  between  reservoirs. 

In  practice  these  reservoirs  are  separated  by  particle  size.  Marine 
phytoplankton  that  synthesize  carotenoids  are  typically  5-100  pm  in  size. 
These  organisms  are  sampled  as  suspended  particulate  matter.  In  the  model 
phytoplankton  are  consumed  by  heterotrophs  and  the  solid  waste  products 
egested,  in  part,  as  rapidly  sinking  fecal  pellets  (  >100  um).  These 
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large  particles,  which  can  be  sampled  with  sediment  traps,  should  reflect 
both  the  source  (phytoplankton)  and  the  process  (heterotrophic  metabolism) 
responsible  for  their  formation. 

Significant  concentrations  of  fucoxanthin  transformation  products 
were  observed  in  sediment  trap  samples  collected  in  Buzzards  Bay, 
Massachusetts.  Three  processes  were  suggested  as  responsible  for  the 
observed  transformations:  1)  ester  hydrolysis  via  zooplanktonic 
metabolism,  2)  dehydration  via  bacterial  metabolism,  and  3)  epoxide 
opening  via  slow  chemical  degradation.  In  order  to  collect  a  sufficent 
amount  of  material  for  analysis,  traps  had  to  be  deployed  for  a  period  of 
one  month.  As  a  result,  short  term  (hours  to  days)  and  long  term  (months) 
transformation  processes  could  not  be  distinguished.  In  addition. 

Buzzards  Bay  sediment  trap  material  had  two  sources:  the  primary  vertical 
flux  of  material  from  above  the  traps,  and  resuspended  surface  sediments. 
Consequently,  transformations  characteristic  of  water  column  processes 
could  not  be  distinguished  from  transformations  occurring  at  the 
sediment-water  interface. 

The  goals  of  the  present  series  of  experiments  are:  1)  To  sample  the 
primary  vertical  flux  of  material  from  the  surface  waters  without  the 
influence  of  surface  sediments.  In  this  way  transformation  reactions 
characteristic  of  water  column  organic  matter  recycling  processes  can  be 
isolated  and  studied  independently  of  reactions  characteristic  of 
processes  occurring  at  the  sediment-water  interface.  2)  To  shorten  the 
time  scale  of  transformation  reactions  sampled  from  the  approximately  10 
yr  in  the  Buzzards  Bay  experiment  (assuming  resuspension)  to  1-3  days.  A 
shortened  experiment  will  help  to  more  clearly  establish  the  time  scale 


and  sequence  of  transformations  outlined  in  Figure  8,  Chapter  2.  3)  To 

couple  specific  processes  (i.e.  heterotrophic  metabolism)  with  specific 

transformation  reactions  (i.e.  ester  hydrolysis).  4)  To  extend  water 

column  sampling  to  below  the  euphotic  zone,  where  synthesis  of 

phytoplankton  pigments  does  not  occur,  and  5)  to  extend  the  transformation 

pathway  proposed  for  fucoxanthin  to  other,  structurally  similar  compounds 

(peridinin  (V),  dinoxanthin  (XXVII)). 

This  chapter  reports  the  results  of  a  series  of  experiments 

conducted  in  the  upwelling  waters  off  the  Peru  coast  (15°S,  75°W). 

Sediment  trap  experiments  conducted  in  1978  at  the  same  location  and  time 

of  year  demonstrated  that  the  particulate  carbon  flux  at  50  meters  reached 

2 

values  of  350  mg  C/m  day  (Staresinic,  1982).  Hence  trap  deployments  of 
a  day  or  less  are  sufficient  to  collect  enough  material  for  analysis. 
Further,  values  of  particulate  organic  carbon,  chlorophyll  pigments,  and 
selected  classes  of  organic  compounds  showed  no  increase  near  the  bottom 
of  the  water  column  due  to  sediment  resuspension  (Gagosian  et  al.,  1980, 
1982).  Therefore,  resuspended  material  should  not  contribute 
significantly  to  the  particles  collected  in  the  traps. 


SAMPLE  COLLECTION 

Suspended  Particulate  Matter  All  samples  were  collected  on  the  R/V 
Atlantis  II  cruise  108,  leg  3  in  March-April,  1981  off  the  Peru  coast  at 
15°S,  75°W.  Vertical  profiles  of  suspended  particulate  material  were 
collected  either  with  a  20  l  glass  Bodman  (Gagosian  e£  aU  ,  1979)  or  a  10  l 
Nisken  water  sampler.  Sampling  locations  are  given  in  Table  1.  Seawater 
was  immediately  filtered  through  pre-extracted 
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Table  1.  Cast  number,  depth,  sampling  time,  and  location  of  suspended 
particulate  matter  samples  collected  off  the  Peru  coast. 


Cast-Depth(m) 

Date 

Time 

Lat.(S) 

Long. (W) 

10-8 

3/15 

1512-1820 

15°  27' 

75°  53' 

36-3 

-5 

-10 

-25 

-50 

-150 

3/21 

2044-2058 

1130-1305 

1950 

1315-1340 

1735 

1912 

15°  07' 

75°  36' 

44-3 

3/24 

1320-1345 

15°  07' 

75°  37' 

-10 

-25 

-45 

53-5 

-10 

3/25 

1500 

1444-1500 

15°  02' 

75°  35' 

-20 

0928-0954 

15°  04' 

75°  34' 

76-5 

3/30 

1030-1047 

14°  59' 

75°  38' 

-30 

77-5 

3/30 

1728-1738 

15°  02' 

75°  41' 

91-5 

4/1 

0915-0945 

15°  08* 

75°  40' 

-10 
-20  . 

-100 

1606 

1244-1326 

1328-1410 

15°  07’ 

75°  41' 

-350 

1445-1546 

15°  08' 

75°  42' 

97-5 

4/1 

1736-1757 

15°  07' 

75°  41' 

99-5 

-50 

4/2 

0955-1015 

1057-1115 

15°  06' 

75°  42' 

-200 

0837-0920 

15°  08' 

75°  40' 

104-10 

4/3 

1157-1212 

15°  04' 

75°  27' 

-20 

-30 

105-10 

1453-1512 

15°  00' 

75°  31' 

-20 

-30 

106-10 

4/4 

0843-0908 

15°  08' 

75°  40' 

-20 

-30 

117-1000 

4/6 

1134-1245 

15°  25' 

75°  58' 

i 
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(Ct^C^,  24  hr),  pre-combusted  (450°C,  24  hr)  Gelman  type  AE  glass 
fiber  filters.  Filters  were  stored  at  -50°C  (on  board  cryocooler)  in 
foil  wrapped  glass  vials  filled  with  methanol  and  capped  under  ultra-high 
purity  nitrogen.  Water  samples  were  collected  immediately  after  the 
deployment  and  recovery  of  the  sediment  traps.  In  this  way  the  suspended 
particulate  matter  which  serves  as  the  ultimate  source  for  the  material 
collected  in  the  sediment  traps,  could  be  monitored  for  its  carotenoid 
composition  throughout  the  period  of  sediment  trap  sampling. 

Sediment  Traps  Moored  sediment  traps  were  constructed  after  the 
design  of  Staresinic  (1978).  Briefly,  traps  consisted  of  a  41  cm  diameter 
PVC  cylinder  with  a  3:1  aspect  ratio  atop  a  45°  cone  with  a  3/4"  ball 
valve  terminus.  The  traps  were  deployed  empty,  allowed  to  fill  with 
surface  water  and  to  sink  to  pre-set  depths.  On  recovery,  traps  were 
drained  to  the  top  of  the  cone,  the  ball  valve  opened,  and  the  sample  and 
remaining  water  collected  for  filtration.  Samples  (1-10  g  wet  weight) 
were  immediately  filtered  and  stored  as  described  above.  Altogether 
thirteen  traps  were  deployed  and  recovered  in  this  fashion.  Deployment 
times  and  sampling  locations  are  given  in  Table  2. 

Zooplankton  Fecal  Pellets  Photomicrographs  of  material  collected  in 
other  trap  experiments  (Bishop,  1978;  Honjo,  1978,  1980;  Staresinic,  1982; 
Staresinic  e£  al. ,  1982)  have  shown  that  fecal  pellets  from  heterotrophic 
organisms  contribute  a  significant  fraction  of  the  particles  collected  in 
traps.  In  order  to  obtain  a  fresh  sample  of  this  material,  fecal  pellets 
were  collected  from  field  cultures  of  zooplanktonic  heterotrophs. 
Zooplankton  were  collected  in  a  234 y  m  mesh  net  towed  23  m  below  the 
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Table  2.  Depth,  sampling  time,  and  location  of  sediment  traps 
deployed  off  the  Peru  coast,  March-April  1981. 


Trap-Depth(m)  Depth* 

Deployment  :  Recovery 

Time** 

Lat.(S) 

Long. (W) 

1-20 

75 

3/18 

1116  :  3/20  1116 

48 

15°  03' 

75°26 ' 

2-30 

80 

3/18 

1200  :  3/20  1028 

46.5 

15°  04’ 

75°27 ' 

3- 301' 

4- 50 

200 

3/23  0800  :  3/24  0820 
3/21  1558  :  3/24  0820 

24.3 

64.4 

15°  07’ 

75°38 ' 

5-20 

80 

3/23 

1429  :  3/26  0811 

65.7 

15°  04' 

75°27 ' 

6- 40) 

7- 90 

140 

3/24 

1822  :  3/27  0928 

63.1 

15°  04' 

75°36 ' 

8-7 

80 

3/26 

0850  :  3/30  1610 

104.7 

15°  03' 

75°28 ' 

9-40 

140 

3/27 

1633  :  3/30  0928 

64.9 

14°  59' 

75°40 ' 

11-221 

12-40 

80 

3/31 

1155  :  4/3  0930 

70.4 

15°  04' 

75°27 ' 

14-40 

80 

4/3 

1438  :  4/5  0930 

42.9 

15°  02' 

75°32* 

*depth  of  water  column  in  meters. 

**total  deployment  time  in  hours. 

+ traps  deployed  on  same  mooring  line 
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Table  3.  Tow  number,  date,  sampling  time,  and  location  of 
plankton  samples  collected  off  the  Peru  coast. 


Sample 

Date(81) 

Time  (local) 

Latitude  (S) 

Longitude 

ZOOPLANKTON 

23-25 

3/18 

2117-2232 

15°  10' 

75°  35' 

34-40 

3/21 

0000-0339 

15°  13' 

75°  32' 

57-64 

3/25 

2240-0310 

15°  14' 

75°  30’ 

67-A,  B* 

3/26 

2130-2234 

15°  13' 

75°  31' 

76-80 

3/29 

2050-0005 

15°  23' 

75°  54' 

88-89 

4/1 

1915-2110 

15°  08' 

75°  41* 

107-108 

4/5 

2327-0055 

15°  11' 

75°  37  ' 

ANCHOVY  FECAL  PELLETS** 

57-62 

3/25 

2240-0223 

15°  14’ 

75°  30' 

*sample  split  between  two  chambers. 

**collected  with  zooplankton  net  towed  at  25  m. 
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surface  at  1-2  knots.  All  collections  were  made  between  1900-0400  hr 
local  time.  Immediately  after  the  nets  were  brought  on  board,  the 
zooplankton  were  poured  through  a  2  mm  sieve  to  remove  small  particles, 
and  transferred  to  holding  chambers  built  after  the  design  of  La  Rosa 
(1976).  Pellets  were  collected  after  8-10  hr,  filtered,  and  stored  as 
described  above.  During  one  collection  period  (Tows  57-62)  spherical 
green  fecal  pellets  2-3  mm  in  diameter,  attributed  to  the  anchovy 
Engraulis  ringens,  were  collected.  These  pellets  were  separated  with 
forceps  and  frozen  at  -20°C  for  future  analysis.  Phytoplankton  were 
sampled  with  a  52 p  m  mesh  net  towed  10  m  below  the  surface.  The  cod  end 
of  the  net  was  emptied  directly  into  a  glass  jar  and  the  contents  frozen 
at  -20°C.  Sampling  times  and  locations  are  given  in  Table  3. 


RESULTS 

Oceanographic  Setting  A  detailed  account  of  the  hydrographic  data  at 
15°3,  75°W  is  given  in  Gagosian  a_l.  ,  (1980,  1982).  Underway  maps 
of  chlorophyl 1-a  and  surface  temperature  display  features  characteristic 
of  actively  upwelling  systems.  Cold,  nutrient  rich  waters  are  upwelled 
near  the  coast  and  slowly  advected  offshore.  Surface  water  temperatures 
increased  from  approximately  16°C  at  the  100  m  contour  to  approximately 
19°C  at  the  1000  m  contour  (Figure  1).  Chlorophyll-a  values  increased 
from  approximately  2  y  g/1  at  the  100  meter  contour  to  greater  than  14Vg/l 
at  the  400  meter  contour.  Offshore  values  decrease  to  approximately  2 
ug/1  at  the  1200  m  contour.  Gagosian  et  al,  (1980)  report  an  average 
primary  production  value  of  4  gC/m  day  for  the  sampling  area  in 
February  -  March  1978. 
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Figure  1.  Sediment  trap  locations  off 
(  A  )  traps  2,5,8,11,12;  (  •  )  traps  3,' 
(  O  )  trap  14. 
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Suspended  particulate  matter  The  concentration  of  diatoxanthin 
(XXIII),  diadinoxanthin  (III),  fucoxanthin  (IV),  peridinin  (V),  and 
fucoxanthinol  (VI)  in  suspended  particulate  matter  collected  from  depths 
of  3-1500  m  is  given  in  Table  4.  These  five  pigments  comprised  greater 
than  95Z  of  the  total  carotenoid  pigments  in  the  samples  (Figure  2).  In 
all  samples  the  most  abundant  carotenoid  was  fucoxanthin,  a  pigment 
characteristic  of  Bacillariophyceae  (diatoms).  Surface  (  £10  m)  water 
pigment  concentrations  varied  by  nearly  two  orders  of  magnitude,  from  0.12 
vig/1  to  11  yg/1,  and  correlated  with  chlorophyll-a  (Figure  3). 

In  Dinophyceae  peridinin  replaces  fucoxanthin  as  the  principal 
photosynthetic  accessory  pigment.  The  low  concentrations  and  infrequent 
occurrence  of  this  pigment  in  suspended  particulate  matter  is  consistent 
with  the  prior  observation  that  dinoflagellates  are  relatively  minor 
contributors  to  primary  production  in  the  upwelling  area  (Blasco,  1971;  De 
Mendiola ,  1981;  Hendrickson  et_  a_l.  ,  1982).  Diatoxanthin  and 
diadinoxanthin,  synthesized  by  both  diatoms  and  dinoflagellates,  were  more 
frequently  observed.  When  present,  these  pigments  correlate  well  with 
fucoxanthin  (Figure  4).  The  relative  abundance  of  diatoxanthin  and 
diadinoxanthin  ( 10-30%  of  the  total  xanthophylls)  is  in  accord  with  their 
abundance  in  cultured  diatoms  and  dinoflagellates  (See  Table  1,  Chapter  2; 
Riley  and  Wilson,  1967;  Riley  and  Seger,  1969;  Goodwin,  1970;  Carreto  and 
Catoggio,  1977;  and  references  therein).  These  two  pigments  were  most 
frequently  measured  in  samples  collected  from  surface  waters  £10  m,  and 
in  samples  where  the  concentration  of  fucoxanthin  was  high.  However, 
samples  44-10,  97-5,  104-10,  and  104-20  do  not  contain  any  diadinoxanthin 
or  diatoxanthin,  even  though  concentrations  of  fucoxanthin  in  these 


84 


Table  4.  Concentration  (yg/H)  of  nhytoplankton  xanthophylls 
is  suspended  particulate  matter  collected  off  the  Peru  coast. 


■»  ,0 

Casc-Dapth  (a)  <5^  C 


36-3 

— 

0.33 

3.5 

0.18 

-5 

0.02 

0.03 

0.19 

0.11 

0.01 

-10 

— 

0.07 

0.12 

0.04 

0.01 

-23 

— 

0.13 

0.27 

0.12 

0.04 

-50 

— 

— 

0.13 

— 

0.02 

-150 

— 

— 

0.04 

— 

0.01 

44-3 

1.5 

1.8 

t>.2 

0.10 

-10 

— 

— 

1.6 

— 

0.02 

-23 

— 

— 

0.15 

— 

0.01 

-45 

0.03 

0.02 

0.10 

— 

0.01 

53-5 

— 

1.1 

11.0 

__ 

-10 

0.91 

1.3 

6.0 

0.61 

0.20 

-20 

— 

0.52 

1.3 

— 

0.11 

76-5 

-30 

— 

0.02 

0.26 
<  0.002 

— 

0.02 

77-5 

0.07 

0.08 

“0.43 

— 

0.01 

91-5 

0.48 

0.56 

2.3 

1.7 

0.21 

-10 

0.00 

0.89 

3.1 

1.3 

0.30 

-20 

-100 

0.37 

1.1 

2.5 

<0.001 

— 

-350 

— 

0.02 

- . 

0.01 

97-5 

— 

— 

1.5 

— 

— 

99-5 

0.43 

0.66 

1.7 

0.29 

-50 

— 

— 

0.12 

— 

0.02 

-200 

— 

— 

0.02 

— 

0.004 

104-10 

— 

— 

0.59 

-«» 

0.01 

-20 

— 

— 

0.13 

— 

0.01 

-30 

— 

— 

0.28 

— 

0.01 

105-10 

0.12 

0.26 

0.44 

0.01 

-20 

0.03 

0.09 

0.21 

— 

0.006 

-30 

0.07 

0.01 

0.27 

— 

0.01 

106-10 

1.4 

2.7 

5.5 

-20 

0.97 

1.6 

3.8 

— 

— 

-30 

1.2 

2.8 

5.6 

— 

— 

10-1500 

117-1000 

0.001 

0.002 

< 

0.002  0 
0.00005 

.005 

0.0006 

not  dataccad  (  <1  ng/1) 
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Figure  2.  High  pressure  liquid  chromatograms  of  carotenoids  in  suspended 
particulate  matter  samples  105-10  m,  105-20  m,  and  105-30  m  collected  off  the 
coast  of  Peru.  Carotenoids  separated  on  a  300x3.9  mm  5 M m  Spherisorb  amino 
column  eluted  with  a  45  min  linear  gradient  of  0-132  MeOH/THF  (20/80)  in 
hexane  at  2  ml/min.  After  55  min  the  eluant  was  stepped  to  30%  MeOH/THF  in 
hexane  for  an  additional  15  min. 


Figure  3.  Correlation  of  fucoxanthin  with  chlorophyll-^  in  suspended 
particulate  matter  sampled  in  the  euphotic  zone  (  < 20  m  )  off  the  Peru 
coast.  Chlorophyll-a  determined  fluorometrically  immediately  after  sample 
collection. 
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Figure  4.  Correlation  of  fucoxaothin  with  diadinoxanthin  in  suspended 
particulate  matter  samples  collected  at  depths  £20  m.  Shaded  circles 
denote  samples  which  contained  significant  contributions  of  peridinin. 
Only  samples  with  non-zero  values  for  diadinoxanthin  are  included. 
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Figure  5.  Concentration  of  fucoxanthin  (o— o),  chlorophyll-a  (□—□), 
and  organic  carbon  ( <7™  J7  )  in  suspended  particulate  matter  collected  off 
the  Peru  coast  as  a  function  of  depth  for  cast  91. 
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samples  is  relatively  high,  between  0. 13-1.6 y  g/1.  The  detection  limit 
£or  individual  pigments  is  approximately  2  ng/1.  Therefore,  using  a 
minimim  diadinoxanthin/fucoxanthin  ratio  of  0.1,  diadinoxanthin  should  be 
measureable  in  all  samples  with  concentrations  of  fucoxanthin  ^0.02  ug/1 
(Table  4).  The  patchy  nature  of  the  diadinoxanthin  distribution  is  not  an 
artifact  of  analytical  sensitivity,  but  most  likely  results  from 
variability  in  phytoplankton  bloom  conditions  (Mandelli,  1969,  1972;  Hagar 
and  Stransky,  1970). 

The  concentration  of  all  pigments  decreases  rapidly  with  depth, 
correlating  particulate  organic  carbon  (POC)  and  chlorophyll-a  (Figure 
5) .  The  concentration  of  fucoxanthin  in  suspended  particulate  matter 
collected  at  depths  ^100  m  ranged  from  40  ng/1  at  150  m  (#36-150),  to 
<^50  pg/1  (not  detectable)  at  1000  m  (#117-1000).  Approximately  2  ng/1  of 
fucoxanthin  was  observed  in  the  deepest  sample  collected  at  1500  m. 

Sediment  Trap  Samples  Sediment  trap  samples  3-14  contained 
significant  amounts  of  large  (2-3  mm)  green  anchoveta  fecal  pellets.  Trap 
samples  1  and  2  did  not  contain  any  recognizable  fecal  pellets.  Mo 
zooplankton  or  zooplanktonic  debris  (molts,  carcasses,  fecal  pellets) 
could  be  distinguished  in  any  of  the  trap  samples.  The  ratios:  total 
carotenoida/gram  dry  weight  of  sample  for  sediment  traps  6,  7,  and  12  are 
in  good  agreement  with  the  values  from  cultured  marine  phytoplankton 
(Table  5).  This  result  supports  the  phytoplanktonic  source  of  the  trap 
material. 

As  part  of  the  analytical  procedure,  carotenoids  are  separated  from 
chlorophyll  pigments  by  gel  permeation  HPLC  (Chapter  5).  This  separation 
results  in  two  fractions  as  monitored  at  436  nm,  one  containing  the  total 
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Table  5.  Milligram*  total  carotanoid  par  gram  dry  weight 
for  aadiaant  trap  aamplea  6,  7,  12,  phytoplankton,  and  zooplankton. 


Trap 

*  max 

Mo lea* 

MW** 

mg  Carotenoid 

mg  Sample* 

mg/gdw 

6 

455 

4.2 

618 

0.26 

133 

2.0 

7 

453 

7.4 

626 

0.46 

105 

4.4 

12 

455 

0.88 

614 

0.054 

35 

1.5 

Diatom*** 

Maloaira  ap. 
Phaaodactylum  ap. 
Mavicula  ap. 


3.3 

4.8 

1.2 


Dinof laga 1 la  ta  a*** 

Clanodinium  ap. 

Amphidinium  cart area 
Gynoodioium  aplandana 

Zooplankton*** 

Tow  88-89  24.1  596  1.44 

Tow  99  9.5  596  0.57 


3.93 

2.91 

1.02 


745  1.93 

360  1.58 


*determined  epee  troacopically  at  aaauming  e«10^.  Valuaa 

multiplied  by  107. 

**  Z(Z)(MW),  aaa  Table  8. 

♦dried  overnight  at  140°C. 

**H*gar  and  Stranaky,  1970 
♦♦♦Johanaan  ejt  a_l. ,  1974 

***Mixed  a  ample,  predominantly  euphauaida  and  cop*  pod*. 


figure  6.  Gel  per— it ion  gPLC  ae peret ion  of  Co Cel  ceroteooide  end  coeel 
chlorine  la  eedi—nc  Crep  seaple  7  end  fecel  pel  lets  froa  eoopleafctoa 
collected  in  cow  30-40.  Three  (Uetere  Aeeoc. )  100  eu  Styregel  coluane  in 
eeriee  eluted  with  CH2CI2  et  1.3  al/uin.  Peeke  deeected  et  436  na. 
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Tafclo  4.  Ratio  of  coca!  carotoaotac/total  calortaa  for  wiy*M*<l 
part  icolata  oat  tor.  aooiooat  tra*.  aaa  ioo»laa*toa  focal  pollat  nr^Im. 
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Ta41«  4.  PbpeoplaaJuoo-darivad  pifanncs  in  zooplankton 
aa4  ancbory  focal  p«U«e  laaplaa. 
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•a mples,  but  these  pigments  comprise  only  a  small  percentage  of  the  total 
pigments  (<  5Z;  Figure  7). 

Zooplankton  Fecal  Pellets  Eight  samples  of  zooplankton  fecal  pellets 
were  collected.  The  increased  complexity  of  the  carotenoid  mixture  in 
these  samples  relative  to  suspended  particulate  matter  and  sediment  trap 
samples  is  illustrated  in  Figure  8.  Phytoplankton-derived  carotenoids 
were  characterized  by  high  concentrations  of  fucoxanthin  and  fucoxanthin 
5 '-dehydrate ,  and  low  values  of  diatoxanthin  and  diadinoxanthin  (Table  8). 

All  samples  contained  high  concententrations  of  fucoxanthin 
5 '-dehydrate.  Samples  with  high  concentrations  of  fucoxanthinol  and 
fucoxanthin  5'-dehydrate  also  contained  significant  amounts  of 
fucoxanthinol  5 '-dehydrate.  Peridinin  and  peridinin  5 '-dehydrate  (XXVIII) 
were  observed  in  two  samples:  76-80  and  107-108.  The  HPLC  traces  of  these 
two  samples  also  contained  a  peak  that  is  tentatively  identified  as 
peridininol  (XXIX)  (Figure  8).  The  sample  size  was  insufficient  for  mass 
spectral  conf irmation,  consequently  the  assignment  of  this  peak  as 
|  peridininol  rests  on  liquid  chromatographic  evidence  alone. 

After  completion  of  the  pellet  experiments,  subsamples  of  zooplankton 
from  the  upper  chamber  of  the  collector  were  collected  for  analysis.  The 
carotenoid  distribution  of  all  zooplankton  samples  were  identical,  each 
contained  only  astaxanthin  and  a  less  polar  carotenoid  which  coelutes  with 
aatacene  (Pigure  8).  Astaxanthin  is  characteristic  of  marine  Crustacea, 
often  comprising  greater  than  90Z  of  the  total  pigments  in  these  organisms 
( Liaaen- Jensen ,  1978).  Aatacene  is  a  base-catalyzed  oxidation  product  of 
astaxanthin,  and  may  be  an  artifact  of  sample  storage.  The  fraction  which 
coelutes  with  astacene  also  has  a  retention  time  characteristic  of 
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carotenoid  esters.  Fatty  acid  esters  of  astaxanthin  are  common  to  marine 
crustacea,  however  no  standards  for  these  compounds  were  obtained  and 
co-elution  could  not  be  demonstrated.  Astaxanthin  and  the  peak 
corresponding  to  astacene  (or  astaxanthin  esters)  were  also  observed  in 
some  fecal  pellet  samples.  Microscopic  examination  of  the  fecal  pellet 
samples  immediately  after  collection  revealed  the  presence  of  small 
copepods  which  had  passed  into  the  chamber  during  the  course  of  the 
experiment.  The  presence  of  astaxanthin  pigments  in  the  fecal  pellet 
samples  is  attributed  to  these  organisms. 

Values  of  total  carotenoids/ total  chlorins  for  zooplankton  fecal 
pellet  samples  were  an  order  of  magnitude  lower  than  those  calculated  for 
suspended  particulate  matter  and  sediment  trap  samples  (Figure  6;  Table 
6).  The  low  values  suggest  selective  degradation  of  carotenoids  with 
respect  to  chlorins,  and  reflect  the  highly  transformed  nature  of  the 
sample. 


t 


DISCUSSION 


Carotenoids  as  tracers  of  water  column  recycling  processes 

Two  parameters  were  studied  as  measures  of  organic  matter  recycling 
processes  in  the  water  column,  the  ratio:  fucoxanthinol/total 
fucopigments,  and  the  ratio:  total  carotenoids/ total  chlorins  (as 
determined  by  gel  permeation  HPLC).  Fucoxanthinol  is  a  by-product  of 
heterotrophic  metabolism  of  phytoplankton.  Therefore  the  ratio: 
fucoxanthinol/total  fucopigments  is  a  measure  of  the  relative  amount  of 
metabolized  phytoplankton  material  in  a  sample,  high  values  being 


indicative  of  highly  reworked  material.  Values  for  the  ratio  of 
fucoxanthinol/ total  fucopigmenta  (f/Ft>for  30  suspended  particulate 
matter,  12  sediment  trap,  and  8  fecal  pellet  samples  collected  off  Peru 
are  given  in  Table  9. 

The  only  report  of  fucoxanthinol  in  actively  photosynthesizing  marine 
phytoplankton  was  made  by  Berger  et  al.  (1977)  who  measured  an  f/F£ 
ratio  of  0.04  for  members  of  the  algal  class  Haptophyceae  grown  in 
laboratory  cultures.  Phytoplankton  of  the  class  Haptophyceae  do  not 
contribute  significantly  to  the  primary  production  in  the  sampling  area. 
However  Liaaen- Jensen  (1977,  1978)  has  proposed  that  fucoxanthinol  is  an 
intermediate  in  the  biosynthesis  of  fucoxanthin  and  may  be  present  at  low 
levels  in  fucoxanthin-synthesizing  marine  phytoplankton.  The  ratio  of 
f/Ft  measured  by  Berger  et  al.  (1977)  for  cultured  phytoplankton  is  in 
good  agreement  with  the  average  ratio  of  0.045+  0.036  measured  for 
suspended  particulate  matter  samples  collected  in  the  euphotic  zone 
(  <20m)  off  Peru. 

Vertical  profiles  taken  through  the  euphotic  zone  show  a  smooth 
increase  in  the  ratio  of  f/Ffc  with  depth  (Figure  9).  Suspended 
particulate  matter  samples  collected  at  depths  >.50  meters  had  an  average 
f/Fj.  ratio  of  0.17+.  0.03,  a  factor  of  four  higher  than  measured  for 
surface  waters.  The  high  ratio  in  deep  water  samples  is  indicative  of  a 
more  highly  metabolized  standing  crop  of  suspended  particulate  matter 
below  the  euphotic  zone. 

The  presence  of  metabolite  quantities  of  fucoxanthinol  in  diatoms  and 
dinoflagellates  could  account  for  the  low  fucoxanthinol/fucopigment  ratios 
measured  in  surface  water  samples.  Alternatively,  the  presence  of 
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Table  9.  Fucoxanthi.no  1/total  fucopigment  (f/Ft)  ratios  for  suspended 
particulate  matter,  sediment  trap,  and  zooplankton  fecal  pellet  sample 
collected  off  Peru. 


Suspended  Particulate  Matter  Samples 


Cast-depth 

f/Ft 

Cast-depth 

f/Ft 

Cast-depth 

10-1500 

0.23 

0.00 

97-5 

36-3 

0.05 

-10 

0.03 

99-5 

-5 

0.05 

-20 

0.08 

104-10 

-10 

0.08 

76-5 

0.07 

-20 

-25 

0.13 

-30 

— 

-30 

-50 

0.14 

77-5 

0.02 

105-10 

-150 

0.20 

91-5 

0.11 

-20 

44-3 

0.02 

-10 

0.09 

-30 

-10 

0.01 

-20 

0.00 

106-10 

-25 

0.06 

-100 

— 

-20 

-45 

0.09 

-350 

0.33 

-30 

Sediment  Trap  Samples 


0.46+  0.25 


Zooplankton  fecal  Pellet  Samples 


Tow  # 

23-25 

34-40 

57-64 

67a 

67b 

76-80 

88-89 

10  7-108 


0.10 

0.02 

0.08 

0.19 

0.03 

0.31 

0.23 

0.16 

0.14+  0.08 
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fucoxanthinol  My  b«  attributed  co  the  detricel  background  of  ••neocene 
|  end  metabolised  phytoplankton  cells.  In  the  first  case  the  concentration 

of  fucoxanthinol  should  correlate  with  fucoxanthin.  A  plot  of  the 
concentration  of  fucoxenthinol  against  fucoxanthin  for  all  samples  <_  100  m 
|  is  given  in  Figure  10.  No  correlation  is  observed.  This  result  is 

consistent  vith  the  hypothesis  that  a  major  fraction  of  the  fucoxenthinol 
in  surface  waters  is  contributed  by  detrital  material. 

|  The  ratio  f/F£  for  sediment  trap  samples  averaged  0.4b*  0.2S,  an 

order  of  magnitude  higher  than  observed  in  suspended  particulate  utter 
collected  from  above  the  traps.  These  higher  values  reflect  the  higher 
percentage  of  Mtabolixed  material  in  the  samples.  The  ratio  (f/Ft> 
varies  widely,  from  0.03  for  Trap  l  to  0.94  for  Trap  3.  The  percentage  of 
fucoxenthinol  does  not  correlate  with  either  trap  depth  or  length  of 
|  deployment,  parameters  usually  associated  with  sample  age  (Lee  and  Cronin, 

1982),  but  is  more  likely  a  function  of  the  environmental  and 
physiological  factors  chat  affect  becerotrophic  metabolism.  Trap  samples 
I  1  and  2  were  the  only  two  samples  which  did  not  contain  any  recognisable 

fecal  pellets.  These  traps  were  set  nearshore  in  an  area  with 
characteristically  low  productivity  (Figure  1).  The  absence  of  fecal 
pellets  suggests  that  dirsct  settling  of  phytoplankton  is  the  primary 
source  of  Mterial  collected  by  these  traps.  This  is  reflected  in  the  low 
fucoxanthinol/fucopigment  ratio  for  these  two  samples  (0.03  and  0.04), 
values  mors  characteristic  of  suspended  particulste  utter  than  of  other 
trap  samples.  Traps  3-14  all  contained  large  quantitites  of  recognisable 
fecal  pellets.  The  ratio  f/F£  in  these  samples  are  a  factor  of  4-20 


1 


i  10 


I 


rlfara  9.  lacruit  ia  cb«  ratio  of  (veouithiaol/hicofi|Mat«  (f/fc)  io 
suspended  particular*  aotcor  with  depth. 


El 


« 


1 


DEPTH  (m) 


m 


FUCOXANTHN  (ni/t) 


OHnHK»  mwWNM  ■  st*  *  *  ‘  *****  «%•»  HH»WiW4W  ft*4* 

»*  k*u***t|**  u  UT£  i»  •*  -«•*♦•»*  ♦*•***  >»iiwiiit  *4 

»lltM|IMt*.  %1*  41*  *1&.*»*+  *+**'**»*■  **  4*  «44*4.jC 

*»*«*<»«*<•«»**  fimiii  mtuim*'!  *  m •* *******  t*mmm**+u.m  *4  **4«m-un»  **±i* 

Mil IM  M  iiMi  A  t  lit  'I  iri  i  1  A>  Ai  ^  tt*. 

( n**mt*m*  #*m  *»*•>  +*&&  Hnm»—  m*  h—mii  mmm<0*  •*  4W»4^>*»f  WM -*»»•» 
■••#•#  <r«  -—<4l»*it.»4<w»  *»■*»«  4»l»«MMaMfc4*  few*  *M*  ««MM4  41m«*  • 

•  h4l*Vf *<•  *1*  t«*MtoniM44  »*♦<<*♦«»  44>  » •»<**»*  «mi|mmi«M  ***•♦  4,414*4 «4«* 
m**m*  M  Irtiim  «*«  1  in  1  I.,  4*»  *»»*•*  *«*+9 

Ml*#  $4*  -  MUfr'ttll'*  fiaM  Mmi  »•  «fW*M«W  4.0  4***  *if  ♦>**•  Wi*  /  *<lfc . 

»♦  f  »4  ««PMM  **>M  «pCM4  «M  — llWM  M  •# 

Illn  ni»  m»4  «**  fc  {«*M(  limit 44«M»  <%**•  4H ,  JM>  «•* 

M#  «H4**#*  *»  M*  4M«.  4ft*  twM  »*  4  mNIIW  |«  ««  ««<»•  f  «*♦ 

I  Kill  M  im  1  WH»I  4*  4H  •*♦•  **M*4**»  #"*■■—»  4lMrt 

MV  **M  m*M*HMlHUn4i*<»  — *«•  Wit  «*MRM  *•  «*(  *f?  *.»*H  *  * 

****lt#  »M>Mlw»mv4N  4.*  KM  *.«*#4mv4  «M-  <*»?  H .  9%i* 

«*  wm—'iti*  *»  Mi  #»♦  •«*  <N**3  vmrrnmtmi**/*  *r* 

«»<##  imum*  9m  +m» *mm  ttm*  *.  *„  «Mi  n  im»w*»  **  tot**  K 
******  *9  l^f  «|  M«i  !KWMi»|Mi  #4%  •**  <Hf  wrttM*# 

>♦««*—  «wi  »r*;  ;>»»«w  gj  g^.. „  it^y, 

twtMrt  1*  Iwm#  *  H*'fOv  *•**•*  tm  •»♦  ww»mw**  f«*i 
•♦It#*  MldlHi,.  *ll«1  *«#  M  iMH  «f  «m»tN«»  imi  t*MH»  h»im« 
*#  M KWM *  t»l«N%)«(*  *#  mlM>H  Ml*  I—IIM-  mil »M»I# 

*m*  »i|»ifH«H49*  t»  t*»  eWKW»4l  4*  f#e»? 

*#»l#t  MWMh.  <M<fl4f,  «#  *Hi*  «rf  fti/TUt>  WMtlfl  f «rt  *!#**# 
*•»!«  UfHWM  Mt  iK  ♦tin**  ft*  WO*  tA.  T**  1  **  fftin 


*9  *r  m  frn  iMItiCHW*  iMMl  ,  «M  «,«#  *« 

IMM  *•**•**,  «N>  HWjP  »*  *  *  «M  *?  «*•  MU4 

♦#*MW*MW  *»*«*  •►Mi  *****  4*  f'WjH  M<*  «-*  «M  *4M« 


Midi  A#  ittgi  jmm 

**  w*  «m  4*m4+  •»«**>/  9$‘m 

m*+  mm  w—mi  m*#c 


M>  *N»  *4I»«M)«  «M4M«  •* 
NM  4»M  MMM  wMMrtM  *4 


■  1*  fWi 

P#  iMWIWK  *M 

WM  * 

UMIIW,  «M  *» 

WMttMW*  UN**  *♦  •  faM** 
**********  * 9  i»M«p»l>>| 
MIWlMlgll  f IMfM.  Ml: 

»**lv  f***c  <MHI 
Mint  »»»k  «•  mm«mm 


*M  «M»  UNWaH 


iM  «M  M  MMlH  *f  «M  M*JMU  «M  «  MffnMMt* 

MW  *f  IMOWlrt  #f  WtMW >*<  Mi«  cWWWtJ 

•MM*  M  •  tW«  MWMKN  H  tM>HWt»  Wt*«< 


iW  *f 


ill 


mwiwtt,  t»  wwim  m  dm  im»wn  Hi  miwm  «•# 
!■>»«<.  #4  tlfMlMM  MKMWMMM  *1  *pM*«  IfUOl  lj— M»WMH) 
’**  <WMi»kw  —44  #il  «M4ft  *#  «f  CM  IV#*  tmwm  W*#  «— ftl##. 

i*  I*  ff«f— ft  (»M»  M>M>«I1WU«W  t*4ft  y  X»M1 

M  M«  «MU«  i*  — ft**4  »ili— *11. 

PM  *1  r  i ir  l»l<WIU  i*  j  >»)  WMj»  (*44l  «M 

'«*M W  <M||  CM  (M*»  (*—•  •»  inn  *#*ftMft  **  CM  #4»%  *#*(]*«« 

*•# *♦  »M  «t#*if»+4M  MlimNI  #1  i«N  •(  —M  «H««r»4 

t$ftft»4  •>.  «•**  414#  OWfWM  i*  ItfMfM  Iff  ftMIMMt 

«##•  lW|l  iil>  *444l«44ft  fMMMi  MUHIMM,  «M 

WtUIX  «WNMU  IWNIWHW  «•»«  K'»»lH  M  pM«MMi  fMMliM 
|4«HM«M,  t»  «*•  ItMiWl  lit  I  Mi— (  II#  •«— 4«*  •  IMMUmUt 
«4M«I  IMHIMM  «M  H#l#m  14  *4  «#  «w  ««  CM 

*4w»#*»w  «t  — #>  tiw  «h»  (i«  fWTirrwuif  K»  »#m# 
IMM4MMM*.  PM«  fft#l  i—  KMtfNIN  t#44l|  i*  «ft*  HWUMI  *f  Mill 
*  »  in#  « I i#Ml  >«  U  l###iif,  #  IMMMMlIt  «4i*M  Mlfllfli# 
IWINIW  »•  MIX#— 140—  If  —4  HMM—tf  ft  «i#  KKWIHH4M  ft 
(>WU4ft—  —44  M4  ###t— I  lifliMWMki*  *•  (*f  f4**«  ****** 

I— ft  Iff  ll«4  #44%*  t*  «Mili««.  M#  «ft#t«  t *44  —4I4  *ff  «#*  C4ll4*(i4# 
lipMtMU*  (  ♦  I  *♦  I  .  44#  «l4  (14  (Ml  (I—  #%#•(#«  I4M  %4t  4»#4T44i 
t*  «#t  #f  H*  #44%  #4# ft— HI  tt#  IMilM  N—d  tf«t  (ft#  tiWtftMMi# 
(4— It#  ft#  #  *n  «44*tft«  #1  (4444—  4#t  —  (•  (ft* 

—ft  I  — (4ft i  «  #4441  #4 1 14(  *##«««. 

i«t«t«Wi4  44*—  i  #4  ft*  Wti*  ft#(«m  %M  «*t  If#  f*t#l i—ly 
*(«4i«4 ,  ft#—  —4  (4—l(«  (4  —4  —ftf#(t  (ft#  ft— 1  f*ri«ei4i« 

Mt#ln#(  i#  it—i#  *f  ftMf  lift#  lf«tft»xftl  tfc#t  M|Mim 


1 

I 


h|*r«  II.  froyoiK  pathway  showing  sacor  hydrolysis  of  fucoxonthin  (IV) 
*o  focoxoachtaol  (V|)  u  cho  vocor  colons.  Dsbydratioo  sod  apoxids 
opening  co  isofucoaoachiool  J'-dabydrsc*  (VIII)  occurs  ovsr  longer  cioe 
•colas  co  cos  • arise*  sadiosnt. 


I 


I 

! 


» 


* 


t 


SEDIMENT 


I 


120 


4 


4 


4 


incapable  of  de-novo  biosynthesis  can  only  oxidize,  not  dehydrate,  dietary 
carotenoids  (Gilchrist  and  Lee,  1976;  Castillo  and  Lenel,  1978;  Castillo, 
1980;  Castillo  e£  al. ,  1980  and  references  therein).  On  this  basis, 
dehydrates  in  Buzzards  Bay  sediment  trap  samples  and  zooplankton  fecal 
pellets  from  Peru  are  attributed  to  bacterial  metabolism.  Two 
observations  support  a  bacterial  source  for  the  fuco-dehydrates  in  the 
fecal  pellet  samples.  First  the  concentration  of  dehydrates  does  not 
correlate  with  the  concentration  of  fucoxanthinol.  The  independent 
behavior  of  the  two  transformation  products  indicates  the  processes 
responsible  for  their  formation  are  decoupled.  Second,  dehydrated 
fucopigments  were  not  observed  in  either  sediment  trap  samples  or  in 
anchovy  fecal  pellets  collected  off  the  Peru  coast.  It  seems  unlikely 
that  metabolic  dehydration  would  be  restricted  to  zooplankton  and  not 
common  to  other  higher  heterotrophs,  as  is  ester  hydrolysis. 

The  high  concentration  of  fuco-dehydrates  and  short  duration  of  the 
fecal  pellet  collection  experiments  demonstrates  that  dehydration  can 
occur  on  a  time  scale  of  <0.001  yr.  Like  ester  hydrolysis,  the  rate  of 
transformation  is  determined  by  the  rate  of  heterotrophic  metabolism  of 
phytoplankton  material.  However,  ester  hydrolysis  is  characteristic  of 
metabolism  by  higher  heterotrophs,  such  as  fish  and  zooplankton,  whereas 
dehydration  appears  to  be  characteristic  of  metabolism  by  bacteria. 
Therefore,  the  ratio  of  fuco-dehydrates/ total  fucopigments  is  indicative 
of  the  fraction  of  bacterially  metabolized  material. 

Opened  epoxides  (iso-compounds)  were  not  detected  in  any  suspended 
particulate  matter,  sediment  trap,  or  fecal  pellet  samples.  The  high 
percentage  of  biologically  reworked  material  in  sediment  trap  and  fecal 


4 


pellet  samples  indicates  that  epoxide  opening  is  not  a  metabolically 
mediated  transformation.  Isofucoxanthinol  and  Isofucoxanthinol 
5* -dehydrate  are  the  second  and  third  most  abundant  carotenoids  in 
Buzzards  Bay  sediment  trap  samples.  These  samples  have  a  calculated  age 
of  5.10  yr.  Hence  epoxide  opening  has  a  timescale  T  on  the  order: 

0.01  IT  5.10  yr.  In  Buzzards  Bay  sediment  trap  samples  the  relative 
abundance  of  opened  epoxides  and  dehydrates  were  approximately  the  same, 
requiring  a  similar  time  scale  of  formation.  Therefore,  bacterial 
dehydration  of  fucoxanthin  in  Buzzards  Bay  surface  sediments  is  a  factor 
of  10  -  10  slower  than  in  the  fecal  pellet  collection  experiments. 

The  transformation  pathway  illustrated  in  Figure  11  suggests  that 
carotenoids  structurally  similar  to  fucoxanthin  should  undergo  parallel 
transformation  reactions.  This  hypothesis  is  confirmed  by  the  presence  of 
a  parallel  set  of  peridinin  transformation  products  in  fecal  pellet 
samples  76-80  and  107-108  (Table  9).  Both  samples  contained  fucoxanthin, 
fucoxanthinol,  and  fucoxanthin  5' -dehydrate  and  the  structural  analogues 
peridinin,  peridininol,  and  peridinin  5 ' -dehydrate . 

CONCLUSIONS 

The  results  of  the  Peru  sediment  trap  experiments  demonstrate  that 
carotenoids  are  rapidly  degraded  and  transformed  in  the  oceanic  water 
column.  Specific  recycling  processes  yield  characteristic  products,  hence 
a  detailed  study  of  the  carotenoid  distribution  in  water  column 
particulate  matter  can  provide  information  on  the  rates,  mechanisms,  and 
efficiency  of  organic  matter  recycling  processes.  Carotenoid  esters, 
synthesized  by  marine  phytoplankton,  are  hydrolyzed  to  free  alcohols  by 
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zooplankton  and  other  higher  heterotrophe  at  a  rate  determined  by  the 
turnover  of  primary  productivity.  Approximately  50Z  of  the  material 
collected  in  sediment  traps  is  undegraded.  This  material  is  thought  to 
supply  a  large  fraction  of  the  organic  matter  which  is  deposited  to  the 
sediments.  Therefore,  the  presence  of  unmetabolized  fucoxanthin  in 
sediment  traps  and  zooplankton  fecal  pellet  samples  suggests  that  the 
metabolism  of  phytoplanktonic  material  is  not  coincident  with  it's  removal 
from  the  water  column. 

Dehydrates  were  significant  components  of  zooplankton  fecal  pellets. 
However,  the  data  suggest  that  dehydration  and  ester  hydrolysis  are 

i 

decoupled.  It  does  not  appear  that  zooplankton  metabolize  fucoxanthin  to 
dehydrates.  The  short  duration  of  the  collection  experiments  (<0.001 
yr) ,  and  the  coexistence  of  unrearranged  diadinoxanthin  suggests  that 
^  dehydrates  are  products  of  bacterial  metabolism.  Only  trace  quantities  of 

dehydrates  were  measured  in  sediment  trap  samples.  The  primary  source  of 
material  in  the  traps  was  anchovy  fecal  pellets.  Traps  were  deployed  for 

I 

periods  of  1-4  days,  therefore  assuming  a  sinking  rate  for  anchovy  fecal 

pellets  of  1000  m/day  (Staresinic,  1982;  Staresinic  et  al. ,  1982), 

material  delivered  to  the  sediments  by  this  mechanism  will  not  be 
i 

extensively  reworked  by  heterotrophic  microorganisms.  Conversely,  the 
lower  sinking  rate  (10-100  m/day)  and  high  bacterial  activity  associated 
with  zooplankton  fecal  pellets  suggests  that  bacterial  transformation  of 

< 

material  delivered  to  the  sediments  by  this  process  may  be  significant. 

Epoxide  opening  of  fucoxanthin  is  not  a  significant  water  column 
reaction.  No  open  epoxide  (iso)  transformation  products  were  observed  in 
any  of  the  samples  collected  in  the  Peru  upwelling  experiment.  As  some  of 
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these  staple*  were  highly  aetebolised  by  anchovy,  zooplankton,  and 
bacteria,  epoxide  opening  appears  to  be  a  chemically  mediated 
transformation.  The  high  concentrations  of  isofucoxanthinol  and 
isofucoxanthinol  5 '-dehydrate  observed  in  Buzzards  Bay  sediment  trap 
samples  are  associated  with  resuspended  sediments.  Using  an  average 
sedimentation  rate  of  0.3  cm/yr  and  depth  of  bioturbation  of  3  cm,  a  time 
scale  of  10  yr  was  calculated  for  these  reactions.  Since  no  opened 
epoxide  isomers  of  either  fucoxanthin  or  fucoxanthinol  were  measured  in 
suspended  particulate  matter  collected  as  deep  as  1500  m,  the  turnover  of 
particulate  matter  at  this  depth  must  occur  on  a  relatively  short  time 
scale.  A  more  precise  understanding  of  the  kinetics  of  epoxide  opening  in 
the  deep  sea  is  required  before  quantitative  removal  rates  can  be  made. 

Parallel  transformations  of  fucoxanthin  and  the  structurally 
analogous  peridinin  were  observed  in  samples  of  zooplankton  fecal 
pellets.  Therefore  the  processes  which  transform  fucoxanthin  probably 
operate  on  a  variety  of  compounds  with  similar  functional  groups. 

However,  the  reactions  are  specific  to  particular  structural  types;  only 
the  5 '-dehydrate  of  fucoxanthin  was  observed.  At  present  it  cannot  be 
determined  if  the  processes  that  transform  carotenoids  are  the  same  which 
mediate  similar  reactions  in  other  classes  of  compounds  (i.e.  the 
dehydration  of  sterols,  hydrolysis  of  chlorophyll  esters). 
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Plgur*  1.  of  fucosaothm.  Clinical  shifts  ralativa  to  TMS. 

fMk  guabtfi  rofor  to  IUPAC  corboo  designations. 
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ii)  Properties  of  Fucoxanthin:  \  (hexane)  476,  448,  426  (476, 

450,  427  Bonnett  et  al. ,  1969),  X  (acetone)  449,  425. 

—  —  max 

13C-NMR  (Figure  1)  -  (CDC13)  5  35.1  (C-l),  47.1  (C-2) ,  64.1 
(C-3),  41.6  (C-4),  67.1  (C-5).  72.5  (C-6),  40.8  (C-7),  197.?  (C-8),  134.5 
(C-9),  138.9  (C-10),  123.3  (C-li),  144.9  (C-12) ,  135.3  (C-13),  136.5 
(C-14) ,  129.3  (C-15),  25.0  (C-16),  29.1  (C-17),  21.0  (C-18),  11.7  (C-19), 
13.9  (020),  35.7  (C-l'),  45.3  (C-2*),  68.0  (C-3*),  45.4  (C-4’),  66.1 
(C-5’).  117.5  (C-6').  202.3  (C-7'),  103.3  (C-8').  132.4  (C-9'),  128.4 
(C-10'),  125.6  (C-li’).  137.0  (C-12‘).  137.9  (C-13'),  132.0  (C-14‘),  132.4 
(C-15’),  31.1  (C-16').  32.0  (C-17'),  28.1  (C-18'),  12.7  (C-19*),  12.6 
(C-20')«  170.3  (C-l;  acetate),  21.2  (C-2;  acetate).  The  following 
asaigasMata  say  be  reversed  (see  discussion):  (C-l,  1').  (C-2,  4),  (C-5, 
6).  (C-16.  17,  18.  16'.  17*.  18'),  (C-19,  20,19',  20').  and  (C-2',  4'). 

C.l.N.S.  (Figure  2)  -  (H*l)-  659,  Oh-i-18)*  641,  (1*1-18-18)-  623, 
0*1-60)-  599,  (»♦  1-60-18)*  581,  0*1-92)-  567,  (M*l-60-l8-l8)-  563, 
0*1-92-18)-  549.  0*1-9 2-60)  -  507,  0*1-170)-  489,  (J*l-170-18 )-  471. 
0*1-170-60)-  429. 

ill)  Derivatiaatioo:  Fucoxanthin  Acetate  -  acylation  with  acetic 
anhydride  yields  a  aoooecetate  (nest  section). 

3-(ttiaethylallyl)  fucoxaatbinyl  ether  (XXX)  -  Fucoxanthin  (30  ag)  in 
pyridine  (1  al)  was  added  to  1  al  of  hexaaathyldisilasaoe  (MfDS).  After 
ala  hours  the  reaction  wee  quenched  with  water  and  the  silylsted 
focoaaathia  eatrected  with  CI^Clj.  Chroaetography  on  silica  TLC 
yielded  two  prodacts:  a  aejor  bead  (0-ceroteoe)  0.59,  sod  s  very 
aioor  bead  which  ai grated  with  fwcoxeo thin  (fttg(6 -carotene)  0.20).  lhe 
aajor  bead  was  identified  ss  the  }-*ilyl  ether  of  fucoxanthia  (XXX), 
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Figure  2.  Chemical  ionization  mast  spectra  of  A)  fucoxanthin,  B) 

3-(tr i me thy lsilyl)  fucoxanthinyl  ether,  and  C)  3.5 '-biaCtrimethylailyl) 
fucoxanthiny 1  diether.  Finnagan  4505  operarting  conditions:  isethane 
reactant  gas  at  900  pm,  ionization  voltage  100  eV,  ionization  current  250 
pA,  conversion  dynode  3  kV. 
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*a4x(hexane)  476,  449,  425.  C.I.M.S.:  (M+l)-  731,  Of*- 1-16)-  715, 

|  (IHl-18)-  713,  OH- 1-18- 16)-  697,  OH  1-60)-  671,  OH  1-6 0-16)-  655, 

OHi-60-18)-  653,  (H+l-90)"  641,  (H+i-92)-  639,  (M+i-60-18-16)- 
637,(lHl-90-18)  (1H1-92-16)-  623,  (>H  1-9 2-18)-  621,  (»H  1-7 2-60)-  599, 

|  (M+l-90-60)-  581,  OH  1-90-60- 16)-  563,  (M+l-90-60-18)OHi-92-60-l6)-  561, 

OH  1-242)-  489,  (JHl-242-18)-  471  (Figure  2).  An  aliquot  of  the 
aonosilane  was  dissolved  in  two  drops  of  THF,  one  drop  of  distilled  HjO, 

|  and  25  ul  of  glacial  acetic  acid.  Reaction  at  rooa  temperature  for  two 

hours  yielded  only  one  product  (silica  TLC)  with  Rg^(  -carotene) 
identical  to  fucoxanthin. 

•  3.5'-bia(triaathylailyl)  fucoxanthin  diether  (XXXI)  -  Fucoxanthin  (1 
ag)  was  dissolved  in  1  al  of  trisMthylchlorosilane  (TMCS) /pyridine  (50/50, 
v/v).  After  30  minutes  the  reaction  was  quenched  by  dropwise  addition  of 

|  water,  and  the  pigments  extracted  into  CH2C12>  Chromatography  on 

silica  TLC  gave  one  band,  RR^( 8-carotene)  ■  0.99.  corresponding  to  the 
3,5'-disilyl  ether  (XXXZ).  3,5'-bis(triaethylsilyl)  fucoxanthinyl  diether 
|  had:  X  (hexane)  477,  448,  424.  400,  X  M  (acetone)  449.  425. 

C.I.M.S. :  (IH1)-  803,  (IHl-16)-787 ,  OH1-16-16)-  771,  (lHl-58)-  745, 

OH1-60)-  743,  (IHl-72)-  731,  OHl-58-16)-  729.  (IH  1-60- 16)-  727, 

•  OH1-90)-  713,  (IH1-92)-  711.  OH  1-90- 16)-  697,  (1HI-92-16)-  695. 
OHi-72-60)-  671,  (IHl-90-42-16 )-  635.  (IH  1-90-60)-  653,  ( IH 1-90-6 0-16)- 
637,  (IHl-92-60-16)-  635,  (IH  1-90-90) *2 3,  OHl-90-72-60)-  581, 

'  (IH  1-90-90-60)-  563,  (IH1-242)-  561,  (IHl-242-16 )-  545  (Figure  2). 

Silylation  of  fucoxanthin  with  trimethylsilyliaidasole  (TM8-Z) (Fierce 
1970)  and  3-(triaethy lsilyl)  fucoxanthinyl  ether  (froa  HMDS)  with  TNCS 
under  conditions  described  above  also  yielded  the  3, 5'-bis( trimethyls ilyP 
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Table  1.  Iodine  catalysed  photoiaoaerization  products  of  fucoxanthin  and 
fucoxanthin  3-acetate.  Retention  tines  of  cia  isoaers  are  noraalised  to 
the  all-trans  peak.  Chroaatographic  conditions  given  in  text. 


* 


FUCOXANTHIN 

(all-trans)  N*  RR^ 


10 

- 6" 

0.36 

0.48 

0.74 

0.78 

0.87 

T” 

5 

2 

0.36 

0.48 

0.73 

0.77 

0.87 

l 

1.18 

1.23 

1.31 

1.44 

2 

2 

0.36 

0.48 

0.73 

0.77 

0.86 

l 

1.17 

1.22 

1.30 

1.43 

1 

2 

0.36 

0.49 

0.74 

0.78 

0.87 

l 

1.18 

1.24 

1.31 

1.44 

FUCOXANTHIN  3-ACETATE 

N  RRg 

froa  fucoxanthin  2  0.51  0.61  0*73  0.81  0.92  1 

froa  fucoxanthinol  2  0.51  0.62  0.73  0.81  0.92  1 


•  nuaber  of  runs.  Calculated  errors  in  retention  tiaes  were  within  the 
analytical  precision  of  the  aethod  (*  2X). 


> 
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fucoxanthinyl  diether.  Acid  hydrolysis  of  disilane  synthesised  from  ail 
aethods  yialda  fucoxanthin. 

iv)  Iodina  Catalysed  Isoaerixation  of  PucoxaDthin:  1.07  ag  of  Iodine 
(resubliaed)  was  dissolved  in  100  al  of  toluene  and  the  solution  degassed 
by  sonication  under  vacuua  for  one  hour.  Aliquots  (200  ul)  were  withdrawn 
and  added  to  glass  vials  containing  0.2  ug,  0.4  ug,  1.0  ug,  and  2.0  ug  of 
fucoxanthin.  The  vials  were  sealed  under  Nj  and  allowed  to  equilibrate 
in  aabient  (fluorescent  artificial)  light.  After  12  hr  aliquots  were 
withdrawn  for  analysis.  Nine  cis  isoaers  were  separated  by  HPLC  (300x3.9 
aa,  5ua  silica  coluan,  eluted  with  12. SZ  B  (B  •  Me€U/THP;  20/80,  v/v)  in 
hexane  at  2  al/ain)  (Table  1). 

FUC0KANTHIN  3 '-ACETATE 

i)  Proa  Fucoxanthin:  0.1207g  of  ( N.N >-4-d  inethyl aainopyri dine 
(DHAP)  was  dissolved  in  100  al  of  pyridine.  Fucoxanthin  (96  ag)  in  10  al 
of  0.1  aM  ONAP/pyridine  wee  reacted  at  rooa  ceaperature  with  1  al  of 
acetic  anhydride.  After  IS  ainutes,  10  al  of  CI^Clj  and  10  al  of 
aqueous  C aCOj  (sat)  were  added  to  quench  the  reaction  and  neutralise 
excess  acid.  Pigaants  were  extracted  into  CH^Clj  and  washed  twice 
with  an  equal  voluae  of  aqueous  CeCO^(set),  and  once  with  distilled 
1^0.  The  extract  was  dried  over  ItejSO^,  concentrated  to  a  saall 
voluae,  and  traces  of  pyridine  reaoved  by  repeated  aseotrophic 
distillation  with  dry  tolueoe.  The  crude  product  was  purified  by  coluan 
chrosMtography  on  silica.  The  aajor  red  band  was  collected  with  the  10% 
ace tone/ hexane  eluant.  Chroaatography  on  silica  TLC  yielded  one  band. 

Rig  (8-caroteoe)“  0.45.  Fucoxanthin  3-acetate  (XIII)  crystallised  as 
red  needles  froa  toluene/ hexane.  Yield,  7S  ag  (78%). 
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Figure  3.  ^C-*tR  of  fucoxanehin  3-acatata.  Cbaaical  shifca  ralaciva 
to  IMS.  Paak  ouabara  rofor  Co  IQPAC  carbon  daaiguaeiooa. 
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tt)  Pro*  ftcModiiMl:  Ac* tie  **Ay4ri4#  (10  i«U  mi  *44*4  to  (0  Wf 
of  focoaaatfctaol  (coo  mt  socttoo  for  oyocfcooio)  to  100  *1  of  0.1  oft 
DHAP/pprUio*.  Tfco  roocctoo  mi  «o*ttor*4  bp  IFLC  (20*  0  io  Ookooo). 

•  Witti to  15  »ocoo4o  of  totcUcioo.  forooctoo  of  focatoocfcio  «o4 
focooootOtool  3-ocococo  ooo  o0«*rv«4 .  After  20  oiooto*  tfto  roocctoo  mi 
4uooc0o4  vie*  040000*  CoCOj(**c)  *o4  CO*  pro4occ  t*oUt*4  *•  4**crtOo4 
to  to*  pro* too*  p*r«9«po.  Appro*UMC*lp  12.3  4  «(  focoooocOto  3 -acetate 
(UOt  pt*!4)  o**  recover** .  looto*  c*t«ljrt#4  pOotot*oo*rt**c too  ptel4e4 
•o  *4o41tOrtdO  oUcoro  t**octc*l  co  c**c  *0**ro*4  to  parallel  eip*rt«eet« 
a* tog  foe o«*o toto  )-M*t*t*  *potO**t**4  (roo  focosooebto  (1401*  1). 

iU)  Proport to*  of  PocosootOto  >-Ac*cece:  t  *20. 

0*0.  *20.  *M#(M#too*)  **3.  (ft for*  3)  (COClj)  S5.2 

(C-l).  *2.0  (C-2) .  02.1  (C-3).  12.2  (C-4).  02.2  (C-5).  22.0  (C-0).  *0.2 
(C-2).  102.0  (0-0).  11*.0  CC-O).  130.0  (C-10).  123.3  (C-ll).  1*3.0  (C-12). 
133.*  (C-IJJ.  UO.O  CC-U1.  UO.*  (C-13).  2*.0  (C-10).  20.2  CC-12).  21.0 
(C-10).  11.0  (C-10).  1*.0  (C-20) .  13.0  CC-l*  2.  *3.*  (C-2*).  Ot.l  (C-3‘). 

|  *3.3  <C-**>.  03.0  (C-5* ) .  112.0  (C-O*).  202.*  (C-2*).  103.*  CC-O*).  132.5 

(C-0*).  120.3  (C-10*),  123.2  (C-ll*).  132.1  CC-12*).  130.0  CC-13*).  132.1 
(C-l**),  132.5  (C-15* ) .  11.2  (C-10*).  12.1  CC-12*).  22.0  (C-10*).  12.0 
,  (C-10*).  12.2  (C-20').  120.4  (C-l.  «C*C*C«).  21.*  (C-2.  acetate). 

C.I.N.S.:  Ol*l)*  201.  OMl-lO)*  003.  OMl-OO-10)*  023. 

ie)  Der ivetieetto*:  011pl«Ci«*  -  Oeectio*  of  foco***tOi«  ) -acetate  it 
•  pTtUUl  o&tll  MO  pi*14e4  00  project*  (••  4*t«t»i**4  Op  ttC)  after  2* 

Hr.  A  tiailir  eiptriant  «*i<tg  TTCO  «*4  HIO-2  (15  «i*«t*e)  pi*14*4 
3*-(tria*tfcplailpl)  fwee*a*tHi*  *c*tpl  etHer  (XXXI 1);  t*f( &-c«rote*«)» 


1 


O.tJ.  '  4k>S.  *$0.  *2i,  *  M),  leu 

mWMM<  (MMMlkia  K«UU. 

«)  llMMi  iKawtuitaa:  rvcAuadia  Wcauta  i«  Cl^Ctj  w*« 
«*apafat#4  la  iiyaaaa  «aa#r  *  iuaa«  of  raaia*ai««4  to  CM.Cij . 
aaaUi  Mar  .  aaa  allow!  to  ofiiUlraio  at  row  (w»»r«ur« 
owraigii.  Hft*:  aaaliriia  of  ika  riatraai  «aoili»ri«i  autoro  u  |ttw  u 
TaaU  9.  Ckifiar  1.  out  no  rowlu  of  «  ooraliot  «*p*r ioaa<  «h«i 
f  Kwwiaio  )<««*uu  «fot»*4iiaa  froa  (woomomooI  looloto*  rrw 
loaiora*  toy  witaoai  nap  *), 

«i)  loaiao  Coulfua  taaaHoriMa loai  AyproaMMtoly  2  of 
(Moaoaaia  Hoocoio  oaa  llooolaoo  la  100  rt  of  0.0*  aN  loOloo/tolaooi 
Uofutaa) .  T*a  toUiioa  »u  loola!  twor  a, .  too  ollowl  (a 
ofHlfHoio  Mar  Mioaitfliaraawai  artificial)  li#tt.  Altar  U  ar 
aUfwto  aw  aUMraw  far  aaolfita.  foow  iiawta  wn  ifforatw  ip 
OW  OOQaJ.9  w,  >  41  oilica.  olalof  ait*  10 1  •  i«  kcaoaaHroOla  1). 

rocoKAimitaaL 

i)  froa  fotoaoaOia:  loaam  ^  £l.  c total  ifattwtM  twoMatikiMl 
ay  (oaylata  rtOwtiw  of  at  Mttoaa  m4  J'totcr  ®f  facouaaia, 
faiioM  Ay  atilotioa  of  (ka  ollylic  f*ot<abol  attA 
2 ,)<!ic»lorr) .Mityaatoiaota  (Nf).  Am  otaroll  yiaia  of  Ut  wi 
r«yort<4.  Rittaka  (19)*)  rapaotai  thi*  ayotOaaio  «*iog  pnklaroail 
iaotaa!  of  00Q  to  oaMiia  tfea  a^olcoAol .  ffca  yi*14  wt  oat  tapottal.  Ita 
oyotAaoi*  of  to  Matt  fj  ftj.  (19*9)  io  Mootiofoctorf  far  latye  real# 
prapatatiaa  of  fweoMotftiool;  groat  or  tfcao  2  go  of  foeataaaia  oooii  Vc 
fiRoirH  to  rpotlatitt  tike  ay  pro*  iootaly  100  o«  aea«H  far  UC^)M. 
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twwfMMty.  mw«  w*  IMmiim  4*1*  IM. 

M§4>  Mi  UH4  IM  Mi  fMU  M|  MIMfOU  i«MUUM  •! 

(<M«MDkiM(.  «U»  14  «(Mf  («T  M«  4*¥T 

mlMiMtl  .CUUt )  AM  UtttiV). 

It  IM  ftMliM  i«  f«fUl|  ««MMM  till  *4*1.  •  MiU  <*t 

(**•444111 144 1  I*  .  fW  pf tWM  if  (ftil  HUfMiUi* 

IM  1*1  MliMM  (if  (MMiiM  » 

«  (WKMMMI.  «M  - 

ttMMMMI,  44  (M  Hitt  («M(M  «t#f.  lUKOIjtjl  i«  « 

MIMI  Mi  MM  MlMiiM  M*«<  iff  IfMi  (Mi  LUM^ .  «M  It  Ml  till 
IMI  «M  •  (  tftti  INfNt  44?  IMfNM  IM  filU  if  (MMMtklMl  <lTMI, 

1 1.10ft  g)  *M  MltMrt  f#t  IM  IMM  44  MW  *1  If  lf| 
UftMlt  ititilli*  #Mf  *4  44«4l)  tl;0.  IM  itM*  *4l«fi-44  <  I  M»  ll 
««4t4l4i4f  *M*MlM(tl  f  I  MM  I#  Ml  «itMMM  Mi  «MtU*lt«l 

•ill  Utt  4  I  «f  Mi  IUI  MliiUlTMt  Mi  Mfwlii.  tf>t.  (MM  Mi 
Mil.  144)1.  <*49  Mi  14  ftM  i  Xt  #1)  «M  liiM  ti  tM 

IUIKI|)|II  *4l»ti44.  Al tit  (144  MMtfi  tM  tMttiM  Ml  ImMmMI  it 
4 ey»iM  liiitiM  if  4. It  I^MM  IMtii  Mil  144  «lHfk«  MiltiM  Mil  4* 
iMMNi  Wilk  illMi  Mil  t#  pr«Mt  iMMfiMi iM  if  tM  ).%  i#Mii<  4t 
tM  fipNtl  44*4  iMtMtli  *#ti  cfk«t  Mi  tM  Itfcft  i *m 
»MMlttMt«i  t*i«4  4»t*  4. It  M4ti<  Mil  1*1  t4l«4  •it*  if 44444 
CiCOjfMti.  t*44  4i«i  mt  —  M*T44«  ti^.  Ifu  Milfiii  if  tM 
pMiwt  tiltiti  filliH  44*44  *44*4  itkkli  2.  J)  ittl«ii«t 

f 444444 t*»44l  (It)  (cil«.  lit  (till.  4t  52t  4*44  dtfNtii  f 4f  MMtttii 


T»0lc  I.  laKCljJjl  rNsctiM  produce*  af  IncMMCbi* 


HIM* 

•  *»  * 

m 

Yieif 

1 

t  rn|)||  >T 

*ii.  *41.  im.  m 

2 

* 

T 

'<*))».  *14,  4  >4 

*>« 

*0 

1.4 

*4«.  421,  If 4,  |)« 

(0.1  INHftl 

•40 

1* 

$ 

ftKMMttiMl 

(4fl>.  412.  (422) 

•  10 

21 

•  .» 

i 

i 

I 

i 

*4f .  422.  2f0.  )!« 

410 

11 

(«.»  IMWI) 


•  tpMtN  ««11nM  M  «  C*t9f  ||0  iMi 
JOt  Plnill.  »  •  tlfrlM,  2:0.  */«. 

♦*  fr«i  ifu.  c*m«M  r«r  i«  <t 

bpttNtH  *•  t  ct  •tertift*  Micri«l. 

**•  I.S  itMMi  (M  0c  cepctcte*  m  tilkc  «ci«g  Mt  •  tc  k««M. 
tMWti*  tMiM  *W»  i  )  (Ncn>tttt4^n  «M  2:1  (f«cnMtfe«U. 

40  delete  tttfCMtMilttf  *M  cet 


146 


fucoxanthin)*.  FUcoxaothinol  was  purified  by  repeated  coluan 
ehroaatography  (1.2  ea  a  45  ca)  on  silica.  The  coluan  was  washed  with  20Z 
acetone/hexaoe  to  elute  fucoxanthin  and  fucoxanthin-8-ol.  Fucoxanthinol 
eluted  with  30X  ace tone/ hexane  and  was  crystallised  fvoa  hot 
toluene/hexane. 

ii)  Properties  of  Fucoxanthinol:  Mf(8 -carotene)  0.08. 

VMJ|(hexane)  477.  448.  424.  X  ^(acetone)  447.  l3C-NKR  (Figure 
51  (C0CI}>  J  35.1  (C-l).  47.1  (C-2).  64.1  (C-3),  41.6  (C-4),  67.2  (C-5), 
72.9  (C-6).  40.8  (C-7).  197.9  (C-8).  134.4  (C-9).  139.0  (C-10),  123.3 
(C-ll).  143.0  (C-12),  133.3  (C-13),  136.6  (C-14).  130.0  (C-15).  25.0 
(C-16).  29.3  (C-17).  21.1  (C-18).  11.6  (C-19).  14.0  (C-20).  35.8  (C-l*), 
49.0  (C-2*).  64.1  (C-3‘).  49.0  (C-4*),  66.2  (C-5*),  117.8  (C-6'),  **** 
(C-7*).  103.2  (C-8*).  132.5  (C-9*),  128.4  (C-10*),  125.7  (C-ll').  136.9 
(C-12*).  138.0  (C-13*),  132.2  (C-14*),  132. S  (C-15*),  31.2  (C-16*).  32.1 
(C-17*).  28.1  (C-18*),  12.8  (C-19*>,  12.7  (C-20' )(****  not  recorded, 
spectra  scanned  to  200  ppa).  CD'S:  (4*1)*  617,  (M*l-18)-  599. 

(4*1-18-18)*  581.  (4*1-92)-  325,  (4*1-92-18)-  507.  (4*1-170)-  447, 
(4*1-170-18)-  429  (Figure  6). 


*  The  yield  of  fucoxanthinol  is  quite  sensitive  to  deactivation  of 
LiAl(Cfcj)jB  hy  trace  aaounts  of  water  (presuaably  froa  glassware  and 
ether).  To  correct  for  this  deactivation,  each  synthesis  was  run  on  a 
sanll  scale  to  deteraiae  the  precise  saount  of  reagent  needed  to  give 
neaiana  yields.  Large  scale  syntheses  were  less  sueceptable  to  this 
probl-a  as  illustrated  in  Figure  4,  which  presents  HPLC  chroaatograas  froa 
two  seperete  syntheses  (100  ng  fucoxanthin  each). 


H#Mf*  **pmm*0*  0$  ,9A>  ««w»M  «  »■<*•  jM'MMtM*  *9 

HXWWIIIK*  •*<«•  •»«*  WMINN* »  'ifnmtttm*  «  «M  V.  »  4IMt  <M 

*•***>  •  *»**  ««9«*  (#  9* *M iMM  9*  ?♦%*•  ?, 

»««*—*—»  MM9f*4lli*  «**•#  9*  MM, 
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f»|W*  9*  of  facornttiaot.  0«t(4l  mft«  r«U(i«t  to  THS. 

Hsk  moNti  rotor  to  (OP AC  cor too  «o«!0mcumo. 
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ri|nr«  A.  OmmmI  UMtut loo  ui  of  A)  fueosMCfctaol,  t) 

focosoocfciool  tfiocfcor.  «otf  C) 

UM^KiittfiaatlfUilyl)  (wwuatkufl  triocbor.  GoMitiou  |i*ta  io 
fifaro  2  log—*. 


Table  3.  Iodine  catalysed  photo isoaarisatioa  products  of 
fucossnthiaol,  isofucoaaathio,  sod  ieofucosaathiool.  Iscentioo  list  of  cis 
isoaara  ara  ooraalisad  to  eba  al l-craas  peak,  faparatioa  cooditiooa  arc 
given  ia  tost. 


d*  Ilf  (all-traae) 


Qijz 

0*24 

OJkT 

XT r 

"I - 

I2J 

lsofeconaath la-  !*• 

4 

O.IC 

0.22 

0.30 

0.34 

0.03 

l  1.13  1.23 

1.30 

(so  face 

naacbia-lt 

2 

0.19 

0.23 

0.31 

0.37 

047 

1  1.14  1.24 

1.29 

1  solve* 

naatbiaol 

4 

0.1« 

0.23 

0.44 

0.39 

0.49 

0.79  0.91  l 

•  aaicr  af  rasa. 
•«  t.tt  daaoca 


asperate  esperlaaeta  e 


tad  aa  different  days 
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iii)  Dtrivttiutios:  Fucosanthin  -  Acylation  with  acatic 

anhydride  in  0.1  nN  DMA? /pyridina  yialda  a  diacetate  identical  in 
retention  tiae  (BFLC)  with  fucosanthin  3-acstatc  (aaa  previous  section). 
Iodine  catalysed  iaoaerisation  yialda  a  nixture  of  cis/trana  i  sonar  a 
identical  in  relative  abundance  and  retention  tines  to  the  nixture  derived 
free  ieonerisetion  of  authentic  fucosanthin  ) -acetate  (Table  l). 

3.3,-bia(cri— chylailr  1)  fucoaaathinol  diether  (XJCXV)  -  Silylatioe 
with  HM>$  using  the  procedure  described  for  fucosanthin  yielded 
3,3’-bie(triaetbyisiiyi)  fucosaathiaol  diether:  tl^lA-carotene)  0.11, 

*  ...(hesane)  476,  448.  425.  1  MS(acetone)  446.  C.I.M.S.:  (0*l)« 

761.  (0*1-16)-  745,  (0*1-18)-  742.  (0*1-16-16)*  729.  (0*1-90)-  671. 
(0*1-92)-  669.  (0*1-90-16)-  655.  (0*1-90-16)-  653  (rigure  6). 

3.3*  .5* -trial trine thvlsllv  1)  fucoseef**— 1  »•  (nnt)  - 

Silylatioe  with  90*1  for  10  slants!  at  rnon  t— par  a  turn  yialda  the 
3,3* .5*-tria(trinethy lailyl)  fncoaenthiaol  triether:  gtf( 8-carotene) 

0.99,  i  M]|(heaene)  476,  448,  425,  '  ^^lacetone)  446.  C.t.M.S.: 

(0*l>*  633,  (0*1-161-  817,  (0*1-16-16)*  801,  (0*1-U-16)-  799.  (0*1-72)* 
761,  ( 0*1-90)-  743.  (0*1-92)-  741,  (0*1-92-90)-  651,  (0*1-90-16)-  727. 
(0*1-92-16)-  725.  (0*1-90-16-16)-  711,  (0*1-90-90)-  65),  (0*1-92-90)*  651, 
(0*1-90-90-16)*  637.  (0*1-90-92-16)*  635  (Figure  6c). 

iv)  Iodine  Catalysed  teener ieat ion:  Appreainately  4  m  of 
feeenenthinel  wee  diaeelved  in  200.  1  of  0.04  oO  iodine/ toluene 

(degee and).  The  solution  one  seeled  under  Og  end  allowed  to  equilibrate 
in  ee* lent  (artificial)  light.  After  12  hr,  the  nixture  was  one lysed  by 
R7U  (300*  3.9  on.  5.0  silica,  eluted  with  20t  •  in  hexene),  four  cis 
icon ere  were  separated  free  all-trees  fwcoseathioel  (table  3). 


ISOTUCGKAItTVm 


i)  Fro*  rtteeuatbU:  rucouadiia  (120  ag7  wi  4Utol««4  ia  ISO  al 
of  Had/M^O  (4:1  «/«)  sad  added  to  as  equal  voluae  of  l  aM  KGM/NeOB. 

Altar  3  he  tba  react ioa  eee  queached  by  additioo  of  0.12  acetic  acid 
(10  ala),  aad  tba  produce a  as tree  ted  veto  diethyl  other.  Six  aejor  bead a 
eere  obaerved  oa  ail  ice  TLC  (402  acetoaa/beaaaa)  (Table  4).  leofucoaeatbia 
uaa  purified  by  repeated  chroaatofrapfey  oa  ailica  (1.8  ca  i  O  ca).  The 
coluaa  wea  eaebed  with  202  acetoaa/beaaae  to  elute  fractioaa  1  aad  2 
(Table  4).  leofucoaeatbia  (XIV)  eluted  uitb  302  acetoae/beaaae .  aad  uaa 
cry real limed  froa  tolueae/beaaae.  leofucoaeatbia  caaaot  be  meparatod  froa 
fucoaeatbiaol  uader  the  ceaditioaa  uaed  la  tbia  purificacioa  acbaaa. 
Therefore  the  purity  of  the  1  rotated  product  auet  be  coal  lived  by 
derivatimatloa  (eee  belou). 

II)  Ft opart  lee  of  taofeeoaaathie:  Kt(«-carotoae)  0.08. 

^Jhemeae)  477.  4*9.  42>.  X  )(acetoae7  44b.  CDtS:  Of  l>*  bS9. 

(If  1-18)*  441,  (If  l-lf-187*  423,  (If  1-18- 10-18 7*  40S.  (If  1-407*  399. 

Of  1-40-18)*  S81.  Of  1-40- 18-181*  >43.  Of  1-92-187*  >49, 

Of  1-80-18-18-187*  S4>,  (If  1-92-40-187 ;(lf  1-1707*  489.  (if  1-170-187*  471 
(FI pare  7A7. 

1117  Oeneetiaatioa:  ?  -  ^  r  W 

(inrtth  Silyletioa  of  leofucoaeatbia  with  am  accord  iag  to  the 
procedure  deecribed  for  fucoaeatbia  yield*  3-(trlaetbyleilyl7 
ieofucoaeatbiayl  ether  .  88f(* -c«retee«7  0.34,  *  ^dauai)  474,  449, 

*2>.  »—J|(ecetoue7  447.  C.l.b.8.:  Ofl-187*  713.  Of  1-18-147*  497. 

Of  1-18-14-14  7*  481.  Of  1-18-18-187*  479.  Of  1-40-187*  453. 

(If  1-40-10-147*  437,  (If  1  <40- 18- 187*  43S,  (7f  1-92-147*  423,  (If  1-42-187* 
421  (Figute  78).  Pete  the  ae l ocular  too  vee  eot  detected  ia  tbie  spectra. 
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TUkti  4.  Im«  b|krot)f«i«  pro4tcti  of 


rracdt 


U{  (*  ttroMM) 


1  groom  MnM  41  0.14 

2  (moumum  0.4i 

)  groom  bm4  $2  0*44 

4  t*OhKOU«UlU  O.H 

1  fTMS  4«s4  #1  0.24 

4  k*o(«co«M(MMl  0.11 


4*4 

4*4 

44? ,  420.  140.  (!?•) 
444 


*!■  Mt(«M 


IS? 


I 


Piftf#  ?.  QMttCll  MUMM  «MI  «fMCr«  of  A)  U#hA«M»®W,  •> 
Miri«OyUit]r!)  facoiMdityl  «(Ur.  uM  C)  l.S«S*»mfUriittyUitifU 
fMMMflittfl  m«n*r.  Coaitu«u  |i«M  u  Piftrt  I.  [>#»■<. 


liliUiM  wm»  M>1  M(«r«i*i  (•  (M  pr«M*wr«  «*«mM  f*r  (maimciu 

a.t?, 

^i,  «)0,  Wf.  '  w*.  C.I.i.f.-  t»*D* 

#J*.  IH,  t»«l**U*  *IJ.  |-*J«I*I*  #JI. 

i*M-*0>*  *1).  Ml.  71).  IIM-tOI*  JD. 

7i*.  i*i.  **»i-*i-*ji*  >*i.  !*»  ?:). 

( *» i ••»)>«% ; •  i*» i* > «  tvjfci  «•*&*•#  oi*  vn,  *il  (P»t»»r#  *o. 

»+>  U«>M  MUtHN  |MW(tUI  IM  MO  «|  «( 

tMfwMtMWU  «M  <UMI«M  «•  SOO  r|  *t  iMMM«l«Nf.  f*«  »«l«UM 

«M  MOIM  OMtf  Ij  <M  <ll««M  («  IM  U  Of  I*  MWit 

ItlMNiMI  li#(.  Ii#(  (I*  liwn  wff  »y  one 

UtHNJ.t  m,  >  .•  •(•«#*  vita  MU  u  »■>•»«).  Wl#  )  ynmi 

!»•  ftMlU  (IN  («•  M»MM«  (IUcll««  t  «*•  II  »•  T«»l«  1) 

MMlMM  M  li(l«fM(  «*r*> 

UOntOMMIIMl 

I )  Pr«  pH«HMai«:  Nt«MaUia  *m  (m«m  «ita  td/Mi/ljO  «• 
amt iM  ia  ta«  ftwiMi  mtiM.  N#ifit«ti«a  «f  *  (Tafelt  a) 

It  ttfMlH  «pfc?  M  tilita  (U/W  M*WMfc«a*»»  ♦»* l*M 

iMfMWMUiMl  fXttl.  (tytullitaa  from  iMt  t«lMM/btUM  wi  U» 

*l#»  twlity. 

»*>  ftaywttiM  «f  *50. 

C.t.ft.S.:  (*•!)*  *1*.  m.  Ml.  <JM1-1»-It-1*)» 


5*J.  (HH-1^0)*  ***.  (»l*Pa*ll)*  w 
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iii)  Derivatixation:  3.5.3*  .5*-ta  trahisltria*  thvlsilvl) 
ilotvKaMatfciaol  t*  tr— thor  (UXU)  -Silylation  of  isofucoxanthin  with 
TJIS-Z  for  15  aioutes  «c  roou  reapers ture  yielded  3.5.3* ,5*-te trakis 
(tr toothy Isilyl)  isofucoxanthinol  tetr  aether,  REf( 3 -carotene)  0.99, 

*  (ho moo)  450.  446.  425.  x  ^(acetone)  446.  C.I.H.S.:  (M+l)- 

905.  (N*l-72)«  833.  (M*l-72-16)>  617.  (H*l-90-72)-  743,  (M+l-90-72-16)- 
727.  (**l-90-9U)«  725.  (**1-90-90-7 2)-  653.  (**1-90-90-90)-  635. 

tv)  Iodine  Catalysed  UoMnuaoo:  Approxiaately  500  ng  of 
isofocoxaatbtaol  woo  dissolved  in  200  of  0.04  a*  iod in*/ toluene 
(degaoeed).  Die  eolation  woe  seeled  under  *2  end  allowed  to  equilibrate 
tor  12  hr  under  aabteac  (fluorescent  artificial)  light.  Seven  cis  isoaers 
wore  separated  by  BPLC  (300x3.9  aa.  5u  a  silica,  eluted  with  20ZB  in 
beseaeHTeble  3). 

1 

Discussion 

risible  Spectroscopy 

^  The  visible  apecerua  of  fucoxaathin  in  hexane  displays  absorption 

aaaiaa  at  476,  446,  and  426  aa ,  consistent  with  a  conjugated  nonaen* 
chronopher*  (Nos*  sod  Weed on.  1976).  Naxiaa  are  generally  broad  and 
lacking  ia  tiae  structure,  a  characteristic  of  conjugated  ketones  (Vetter 
*t  al. .  1971).  This  is  particularly  striking  in  acetone  solutions,  where 
the  aaaiaua  at  476  ea  appears  as  a  shoulder  to  the  448  pesk.  Spectra 
recorded  ia  hexane  tend  to  have  sharper  peaks,  due  to  the  poor  solvating 
ability  of  this  solvent. 

The  solubility  of  fucopigaeots  in  hexane  follows  the  order: 
fucoxaathin  acetate  >  fucoxsnthin  >  isofucoxanthin,  fucoxanthi.no  1  > 


t 


MMfttH#*  W«i>  •  i«tf  |Mt**«*U  MltM*****.  <M  4<  4* 
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UMMMMM  ««  Mm  »,«  MMMilM  *•  «  H**Ji*mm *m» 

m  mitMM  ♦*>»»*  MW  «■•  «#m  ft  I'HWUl  *■  -  *  1-W.rtbMM*  -Ul  m 

%+**+***<* m*  4»m  »*  Mm  w»»ni«  »«*»  «w » wm»  *♦  mw*’*-*  <m*4m*  m  ^ 

;*'tr),  >vMMti  *•**•*<«♦  m¥  Ml  MM  * •*»  *4 
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)§?$;  14m  4*4  Mm*m,  HH)  wpwiwti  Mh  4m  «m4  tt  «Mip 
dMfMUfMIU  rtwint  Mifll.  UCHM  4*4—44 1  HUM  tsc  II 
MMI— III  l«M  1*4— fly  MM  fMIMMl  If  —•«  (!*?*) .  AMU—  •! 
fine  1—4—1  A*  — 4  ri  III  A— If  AIMAIMlirMII.  M  CM  prMMt  «Mf 
l—Aff  If— r—  MN4IM  Si  —4— A—  IfMtM  MM  mUMIM  tsc 
t—WII  —4  —I— I  If— t— I  A—  ffMWM.  Is  g— I  <M  MM  IM 
A*  AfM— M  MAIM  AM  M«l|— II  —  4f  «—  (!*?%}.  — .  '*•  Alii 

fssiSi—  VM  Mtt—MM  Nf  £*i,  £H,  £■).  C*W,  .  £■*' 

—4  (  MmiiaiH  MM  If  —I. 

t»— Ml  MAftl  t—  t— — AS,  V— 44 A*  —UM,  4— 

I— 4444— A— I  —4  |i—  A4  Mil  I.  AMI|— Ml  —  If  «MI  4—  llM 
A— 1*444  tSf  IMpMAMA.  —  fl—  A—  «t  —4  C-l  4f4T44 fl  |TMf  It 
I— — A4  14  t— •  I— ——AS  HmUAI  AS  S— Sit—  AS  —Aft  —4 
isis— ii  4*1—1 y  «r  —#  C-l  <— 4—  44—tl4l4.  ti— Urlf.  SfSrsIfSis  s( 
—4  C-l'  —I—  4f  I— —AS  «4  V4—  f— — A— 1  i#  B—  BUS*  «4  —Ut 
•44  1444—4  tlSflS— f  St  —  C-l*  —  SftiSlS.  Ml—  4—  444—1 
—ills  St  — s  —  Ag—  Sit—  I,  4  444  1",  4*  I— 44—  —4  SlSS  4*  M—tM . 

VS4IS  1  4—  Hf—  t  «l44* If  44—  144  444—444  ——I  SkiftS. 
flMSMMS— AS  4—  C-l  444  C-l'  —4— —SI  St  44.1  —4  4—  ppm 

IS——  tA— If.  14s  C-l*  tss— IS  is  fit 4444—14  l-4«*t4ts  144.4  —4?  is 
1— 4s— 44  4f  srflsti— .  I  win  I  s  1.4  —4  I— dill  —Aft  is  4»>srss4  is 
ti—  <-l  f S 4444—4  <4?.?  ffSHflf—  t».  —Sit is— Ilf  (Mm  i#  —  <*44f» 
i4  — S  —4444—4  ft— — f  St  t4s  C-i*  4—  CH*  «S*4S—  (*1.1  —4?. 

*4—  —  44—  — I stslf  *  ppm  SffisU  Skirt  is  tfcs  tS44444«S  tf— tf  Sf 
C-l  4—  C-4  14  4*44—44.  I4S  C-l.  C *1.  4—  C-4  fSSS— 4tH  sf  f— Hi* 
ts— i—  s—l *44—  Sftss  liAHCtjljl  ts4— ti—  ts  fsrs—stfti— t  £44.1. 
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riftf*  9.  ^CHMI  •#  A)  fWIUMftU,  ft)  (MMUfttl  «MM  Ml  C) 
(MMMttiMl  (m  UHM)  Pft  (IW).  )Mt  ■■>!»  r*f«  «•  lONkC  cMm 
MIINIMM* 


47.1.  «a4  41.4  ppm  mpNtmly).  n  m  «ffUU  dtft  •(  l.t 

coiwiim  will  U«  r«4«ai«  of  Um  u  •  r»«lcotot.  ie 

oOoerveO  lor  too  C-l*  corooe  reeooeoce.  4  porollot  MmIUU  dufc  of  4 
ppo  to  opprestoetelf  44.0  pm  to  ooeerveo  lor  C-l*  oorf  C-* *  ccrOooe. 

TOooo  oOeeroetiaoa  retire  reoictooe  to  tit#  dwotal  ootlc 
oootgoaooco  ooOo  »y  Woo*  (If  10) (ToOle  )).  TOe  CfOt  ooooorooooto  o*0o  By 
om<  roolo  oot  oeteratoe  too  oOooUco  oeotjoewot  o  1  C-l.  C-* .  C-l.  C-l*. 
u  C-4 * .  oooo  oootfooo  (Oooo  cctoooe  roooooocoo  ot  *?.).  *0.1,  41. f. 

44.4,  mo  44.4  ppM  rerpect  ively .  o»t  oocoo  due  too  oootoooooco  oor  4o 
rooorooO.  to  too  oyocoooto  of  locoooototo  1-ecetoto  m0  loeoooocOiool 
fvoo  toe  oooo  into,  ooly  too  C-t  corOoo  rooooooeo  oOoolO  4o  ooolloctoO.  01 
too  1  too  roooooocoo  eeotfooo  Of  Hooo  to  C-l.  CM,  c-l.  C-l*.  ooO  CM*, 
oolf  too  rooooooeo  ot  40.S  ppm  (tote  ototff .  Nooe*e  MM  ppmi  to  oocfceofe* 
tor  focaooototo.  focaooototo  4-ocototo,  ooO  loeooootOtool.  TOoroloro 
rooootfoaoet  of  too  40.t  ppm  (too  C-4  (Umo)  to  C-l  to  retire*,  to 
oOOtttoo.  too  roooooocoo  ot  44.1  ppm  ooO  44.4  ppm  irt  «oc0oog#0  «UO  too 
ocf lot  too  of  focooootoio  Oot  eOtftoO  opprotiMCtelf  4  ppm  wpom  octet 
OfOrolfoftc.  lOoroforo  toooo  roooooocoo  ore  ooo ijeot  to  C-l*  ooi  C-4*.  tf 
•  I  tot  oot too.  too  roooooocoo  ot  4l.l  ppm  oo4  4l.»  ppm  ooetfocO  to  C-l  coo 
c-l  Of  NOOO.  0*0 1  Be  MltfMt  to  C-l  eoO  c-4. 

oMitiooollf .  Nooe  coe&fooO  toooooocoo  at  11.1  ppm  ooO  21.4  ppo  to 
ccototo  C-2  (OOtOfU  Ml  C-l#  cot  Oooo  toofoctioolf.  ACflOtiOO  of 
focooootoio  ioctooooc  to#  iotoooitf  of  to#  21.4  ppm  (tOie  etoOy) 
tooooooco,  Oot  Coot  oot  effect  tOo  iotoooitf  of  too  21.0  pm  (tOic  etoOy) 
•ifool.  Cocrooreolf,  too  21.4  pm  toeooooco  it  oot  oOoorro#  io  to# 

^C-m  of  f*co«ootOiool.  Mil*  tO«  tooooooco  «t  21.1  it  oocfcoogoO. 


in 

VMrtltrt,  tke  wifWNi  of  ecetece  C-2  (aitkyl)  m4  C-il  carter*  gives 
by  Heee  ere  reveres 4.  Its  c err set  eeeigpeeet*  ere  gives  is  Teile  S. 

»ess  feertroeetry 

Kiecuoe  tepee t  (it)  eeee  apeerreeetry  ie«  esse  wisely  wee*  re 
cereteeetr  eiriiee.  Ike  fregeeecec  toe  el  M  eilierset  see  grows*  ket  Sees 
recast!?  reviewer  (Heee  see  tfeeTee.  (IH) .  **T  u  eeee  eeee*  tee 
Iregeeetec tee  eeceeeteee  eat  a  reiser  if  isotopic  leSeitieg  (gjeeea  ♦£«[., 
19711.  iewever.  c  eaves  t  tee*  1  CMS  eellera  tree  leek  el  eeeeitivuy.  ear 
eke  over si 1  coeplselty  el  ike  spacers.  Ck eel eel  loeleetio*  eeee 
epee  or  see try  kee  keee  eteTter  ee  e  eeeee  el  cueeeveecieg  ekeee  proklee* 
(Ce reeve le  #£  e£. .  !»)•).  te  geeerei.  eke  spectre  ere  seek  stapler  ee* 
deploy  ee  overelt  greeter  eeeeitivity.  especially  is  eke  higi  eeee 
regies.  Hess  oSeervet tees  were  eeef  ireeC  te  eke  preeeet  «twey .  rke  Cl 
<C^  reegeet  gee)  eeee  spectre  el  fsceseeckis  ee*  fwceeeeckie 
Cc^reretiee  proTacte  ear  reriveeivee  ere  ckerecterieeT  ky  ieteeee  lose  ee 
k*19  <*W>  NHtetrr),  J**l-eo  (sestet*). 

**i-ko-*ii<w-  I-)),  f»» i«i)o.  *»i-no-i*.  ear  ini-Do-eo  irifwrv  log,  T*eu 
I).  A  eieor  series  ef  less  were  okaarvaT  at  kHI  ( to  Iweee  )-#«(*•  0-2) 
ear  k»t-lo*  («yleee)-ia. 

Tit  east  preCaeiaeet  eerie*  ef  ieee  is  ell  spectra  arise  free  lee*  ef 
water,  te  egrveeeet  witk  tke  report  ky  tease tt  et  el..  (I9kf)  ceaeecetivc 
«e*y  are ties  ef  kyrrecyl  grewpe  it  ekseresT  is  ell  epectr*.  Oeece 
feceaeetkia  Ieee*  two.  ear  ieofecoseetfcia,  fecosaatkieel,  feceeeetkie- 
P-el.  ear  iee feceaeetkia  each  Ieee  tkree  eelecele*  ef  water.  Only 


kyTreeyl  grewpe  are  lest,  epeniag  ef  tke  5.k-epeai*e  follower  ky 


in 


U  o  UM?  imcum.  TUrtfon ,  fynmttn  cm  M 
4inui»i«M  (tm  iMfwcuMku  tvfcu*  Im  cm  im  M(«c«Ur  woi*c>. 
m  CM  Min  ot  (Mir  Mil  ifictri.  Hww,  it  MmU  M  m(«4  chat  CM 
r* lit ih  iMMjmi  of  iom  rifMljf  Ooovooao*  wic*  cm  ki^iir  (MyiriMi 
(for  tMtacoaoacfeia  »-t-l#*  lOOt.  JI«l-l#-U*  itt.  «M  U). 

••  (Me  ooioccivo  MfivoiiMCiM  rmiM  cM  MIC  ocrotgtc forward  U4 
loaaiigwo**  mcmc  tor  oocoraiatag  cm  MMr  of  |tmh> 

fiaolty.  CM  *•  l-U)l#  ill  1*l-iO-UiU  IOO«  1*  (M  Mil  <p*C(fl  It 
tiMMMCfttfMI  or#  ralociooly  aoro  hum*  cmo  cm  torui»uit»|  ut* 
io  cm  moo  opocero  of  ioofwcoaoataia  oM  ftcoiMCkiael.  Hue  i«noiti 
(Me  iooo  of  aacor  fro*  CM  oocooaory  t-ollyitc  otcoMl  io  o  aoro  focilo 
rooccioa  cMa  cm  loot  ot  CM  ooc calory  1  or  J'-ot. 

taoo  ot  ococic  act#  ta/»  #0)  io  caoroccoriocic  ot  fwcoaaacaia, 
ioofocosoacato.  oao  fwcoaoatata  J-oc*tot*.  AMiiiOMlly.  tM  a»l-aO* 
piMOoaolMalor  ioa  gi**o  rioo  Co  o  oocoai  unto  ot  Oo*y0roc«o 
t  J**l-ao-oli) .  TM  iacoMity  ot  CM  K*i*M  ioa  oortoo  coaatOorMly  fro* 
opproaiMtoly  Uft  to  occooiOMily  Miat  oMoac.  4op*Mt*g  oa  CM 
iMCTaaaacoi  coMiCioaa.  to  ioao  troa  Iooo  ot  MCom  (m/t  *2 )  ora 
aiurwi  (Figaro  lot). 

facoaoacaio  Hutou  Oiaplay*  o  ooaaoMC  aor*  iacoao#  f*»  1  ioa 
(ralocira  to  ft*l-l«)  tMa  facoaoathia,  portopo  Oao  to  tM  to  loti** 
atoOility  Co  oliaiMCioa  of  CM  J-oc«tyl  oal  JHryOrosyl  group,  a  aor* 
iatoM*  oigMl  ot  io  aloe  oM«r**0.  Do  fragaaato  or*  otocr**4  troa 

iooo  of  k«UM  or  troa  Iooo  of  two  aolcc-  loo  ot  acetic  oci4  (>120  oao). 

Cltovoi*  of  tft«  M  boat  i  to  the  coajwgotod  8-kctooc  give*  rite  to 
tM  51*1-170  a«ri*o  of  iooo.  THia  fiooioa  proOwcoo  fragaaato  wtudi 
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10.  Frt^oocscioa  rtwciooi  of  fucossathia:  A)  asjor  C.I. 
frtgaoAtscioo  rtsccioa*.  t)  lost  of  ksttas,  C)  frsgasntttion  of  8,9  bond, 
sod  0)  loos  of  coluoos. 
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«m  »*»  «•*  #<■»—.  tn*  •«  *«  >1  ijwitM  *>m«i  M>  nomimi  <*• 

*»  •»«»»■«»  4*  Oft*  *■*•*♦«  MO*  »•«*.  •*•  m.  til  4* 

*  I  >1  «*•  ♦  ,*  InM.,  .*  -MM  aftlMtf'MS*  „  #*.*♦  +♦  4*  ti**44  «ot  4#  <*• 

4>  «4WM«t  >  <«t  *-*♦>♦«•  •$  (4«  n«t»  t*4»**l*  4* 

mxwn  ;4w .  «**•  iwMim*  *+  «**.♦*  mmtmm**  **t**««  uro*  «*• 

>  ii >1  *•**  «Mw*  #«  «*•  MdeM  «m  H»M'W|  <*M«4  4  *j  .  4»%». 
dftfto  Oft*  WMMfcm  ¥•**♦..  4*- •», 

t*t  -M  HUM  4*  «*ft*t4  St  t»  +  *•  Mt*0*Ut«»*  *  *  i;W*  4*0  ft#**  •»  f 

♦  Ur  tgen  If  ♦«  dM»*  ♦  'I  *  ring*  «f  4IM  •  #44n*4*  MX  u*»4«  nMi<4iM»  I* 

*ftt*  ».**  »*  ♦*•♦♦♦•**.  tfto  »pw  Wi|  o  «f  ♦  4  4*  *  ♦«  4Xm  tHM>*  »Mt  4*  1*0 

«M*  *»  HnwWMWOH,  rwMNMftiWl  ■>»<>— 40 .  «M 

i«»lwiwMM»i4»i  mNOX*  *#**oO  (M  (*•  toMMfttrtt-O*  to  OM44.  7*  it 

it  ttMlinrt  V*  IN  4»>trm  i«*  *1  UN  »t>t  poofc  •<  */ t  71* 
U*N*j>  ,*  in#  M*t  ***•««♦  •(  T*m»  ofrotOM#  tl  mi 

it*  •»*  w*tl»  fv«  titllttfiM  i«M  *f  (kf  (♦Mtfttl  grow#  •• 
«MM»  MKl.  to  f«n  «  ttNlfllWtUl  i««,  «*i  <* 

i#«ititiM  *-M  4«*w<Im(m  («  («n  IN  i«(««M  itM  eft  sorted  «t  Ml  #M  it; 
«♦  fttfHiitflf.  iNwMitl  itit  tf  It  mm  it  w(  t>mw«  io  ttml 
4«t»(t«*i4t.  Ni  Nt  lm  tkttttf*  io  nttlu  t««/«|4tH  ktltHimMailt. 

fittit*  of  IN  M  NN  it  «tili  otHMtl  tfttt  frNclitt  tf  IN 
g-fcetofte  It  IN  I*# ItoNI  «itt  NM4  iN  tiAlN^.  The  itltMitf  tf  tN 

tN  ft*  1*1  ?»*ld  IlgMll  Mf  N  itHNut  MtttcN .  tltkon#)  further 
MfttiMitt  it*  wNN  to  NtttiiM  if  tN  tkttmf  rabtocMMt  is  rtt  1  or 
♦it  trtifKt  of  IN  ittlf  utltl  conditions. 

Hie  elioinetion  of  ilkyl  troMtic  (frtpntt  ft/t  92*  toluene,  n/t 
lOt-  tyienc,  «N  a/ 1  lit*  diaethy  laeptttelene)  froa  the  conjugated  po  1  reoe 
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*1  * 

if*#***  Ml)  w  omip  mm  mm*  mmm*m*m**4  m  ft  mm 

HMW  mir*  *4  f  MMMMM  M  4  *  l.»M ,  MHI  lHpNl4  «M*  MMrMl  U 

4P*a*44#  KMMiM  l«t  Ml  i  i M>i  iwwi  41*4*4  **  ®»*44  4 . 

«M*  «»«•  I»|TI»I .,  MMHW  1**4 

►4  in*  1*14— Ml  •*#*  M«  *44*44*0  •*  WMHM  «|  <4#MM.  «*« 

m  MM*  *f  44*  Ml**,  4h*  *4*  *M4M*«*  l»*»fl*al4>ao  f*  a* 

it  MM**  «#*»«#«  *f  «M*»i  i*  iM»  <M*M<  M*  «M4>4*4  «M 

9  fr*fjjWHW+  *  •***  I  ill  4 T  iU«i*  Otv 

t*  MHIM  t*  IM  * mm  liMMWl  —DM*. 

4l**44n»  i ******  •<  MI'M  IMIMM).  ).  *M 

»IH«MMI«ll*»lltM*f»t4»  MM  U ***** »*!**,  IfM,  IKMM.  19?*. 
<****»*>*  2i«.  0)|).  •****•»  I  *******  *f  tt*  «i  I*  1***4  MWt— I* 

•M*  *******  •**  *t  MM*.  t*  «**tr*4<  (•  (MU  M*0f(*MIM4  *******  (M 
P«**ttfk  4**i*Mi«**  *f  IMMMtti*  MM  i  *********  MUM  MM  Ml**!*? 

** tdtioaly  *******  UipwU  <**f****Mi*|  (4  *1-*/.  *»l-*2-*l*. 

*I**I4I,  *M  *Mt*  M  1-2.  tliMMtt**  *f 

MUM  *******  (4  *4  MU  (4**f«*U  1*44  i*  IM  «k*»rt«KUM  »C*t*Ul. 

4 1  ******  1*44  *f  44*t  1c  Ml*  Still  *t*MiMU«.  T*4  4if44l  from  t*« 
9*1-92  U4|MM  «*  4 1 44  iat«*4tfi«4.  A  *4**11*!  i*t**4if icatioa  «f  t*« 
JMl-HHk  (r«*Mt  Mf  occot,  Ml  chit  cmmm*  *«  rviiMte*  4*4  to 
i4t«rf *t*M«  fro*  IN  **1-90-1*  tifMl  i«  t*4  41.  tri.  4*4  tctraailyl 
•t*4rt.  lontcr ,  eft*  mm  ***«tr4  of  J-4ily l-focoaaa  title  (o*ly  oo« 
tilyl),  which  ciflcot  lot*  IM  1-90-1* ,  4oo*  oot  display  any  fr*|M«u  at 
IM  1- 10* ,  is||**ti*|  that  loo#  of  xyle*4  fro*  silylated  derivatives  ia  aot 
a*  important  reaction. 


IlfMlWf*!  O#  K»NH>W  iMUM  tt  mm  4»m>— 1  f*4 

I'llH  »♦  0*  *«>*»<  >*{  *«#f  »*  (*•  i.«**  «f  4««Ntf«  •** 

MU  flN  MUfMMAM  <«  44*0*  mpUAl** 

'Hi  ^HIilX  M****!*,  i*wM  U»44<  U*  M40HH  •  *4«*  A***  4  «< 

«N»MfF  V«#  ***  IlhMMtlt  «  W»MI>li 

*M  |.*Mt*A  ptMiM*  9M«  4* 

!*•  <•*,»  ««»«M  •  «*o+t*#**  •  4  »»  4  4*4  ♦  #*  .*?  gpt*  (0w4«4m» 
fc***>.  ?*  Ml*.  MMiritMM  »f  ImUM  RM 

IMWUIM  «**  M4iM  MMMM  M*  KIM  Ml  *  UMIMIM  •( 

UMIMIMI .  MMMf  H»M  IgMi  W.  MM  MM  tfMttMMrf  («MI4 
.  »♦*»;  »*l  f»l»KM**  IMKiAl.  Ail*  IkM*  IK 

WIKlMIMy  l*f  M)M  (MfMNU  <*rre«pMMi«|  («  KKKMIM  Of  kMM 
*ltMt«K  Ml  MU*  (M  M  iMl«(M  It  IM  tUf*f  M  C**f  IK  AM 

MtUlMIMy  l«  ilMtiryiai  ttMf  (MfMMtl  MM  IMMfMMtM 

ttMlfMtlf.  iMMfiMtiM  Of  f*C«Mt»i*  lM  fMOtMCHil 
MfKMtia*  protect*  «H  ftflOKl  M  *  MM*till  «HM  of  lllil(i*|  ia 
tM  «MMI|«9M  UMliliCItiM  Of  (0*M«Ml  It  tllO  MMfTM  Itttl. 

f*«  IffM— UttM  Of  MMlMill  If  MiM  C*t*lft«d 
p*otoiMMfiMti«a  ha*  Rom  cAavitMlf  traattf  ia  •  eonogr apb  bjr 
bcfeMiitar  (19*2).  Sfactroacofie  propertic*  of  fvcotUMCkis  cii  icoaera 
IK  diicwiaf  If  bernard  at  at..  (1974).  Of  rclatnca  ia  th«  oliarvatiM 
that  catflicataf  aiatam,  wit*  a  lory*  auMat  of  iioaari,  or*  fotwd  upon 
irradiatiM  of  carotenoid/ iodine  aoluciona.  The  iaoaeriaation  ia 
rafroducilla  and  ha a  the  characteriatica  «,f  ao  equilibrium  aixture:  it  ia 
independent  of  concentration,  and  individual  iaooera  can  be  aeparated  and 


U»l9  > .  MNM  t*««<  WX  «t  MlMlrt 

***  )muim  n**  mini  u#  •«***■» *««.  bMKM  <mm 

•  t  IUMMW4*  «l«  MIWII4N  ««  IM  fM« .  OtMM|»y>|lK 

INiilMM  ***  Itm  I*  (H#  IM(, 
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MtMMK  tWMtlf 
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i.tt 

1.41 
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i.i* 

1.00 
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0*04 
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1 
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(MfUlilriM  to  om  or  if  toot  immuc  rutitn.  fh#  Urge  waktr  of 
Hewn  |ww»M4  to  to#  •  tort—  tit  to#  process  humu  tbere  to  *  loo 
probability  cb#t  too  otf  foro#t  coapoa—e  rill  im  o#o  mm  e—ilibriw# 

•to t*ro  Ktw#f  4  #9  cbro—togr  agate  rotoot to#  a—  relative 

ib»a#ds#cs).  Therefore ,  to#  reproducibility .  e##e— cr#tto#  i—#po#d— cs . 
•a#  c»reo#iofr#fOtc  roooloc  to#  Of  cootof arory  8FIC  oat#  cia/traaa 
too— rti# ti—  «  potest  t«llf  fooorfol  cool  for  tl#ottffli|  c«roto#of«o 

isolate#  fro*  IMAMtMl  IMflM. 

The  ffeilitrie#  Motor#  el  tie/ trass  to— #ro  fro#  solutions 
coatataiag  I  #g/ 1 .  2  #8/1 .  I  #g/l  a*d  10  ag/1  ot  t ocoxsatht#  I#  |t«M  to 
T##l#  I.  ft#  4#c«  coaler#  um  obeervat to#  by  t#cb— tst#r  (IM2)  ##4 
toraMrt  #t  #1«.  (Iff*)  t##t  Ho—  ri ratio#  to  coaeoocrocio#  it>dspe#dsat 
ooo  rapro—IIU.  Hi#  strikingly  differ—  t  too— rie  lUturai  of 
fecoxantbla,  fwcoxoathla  Hmum,  teofacouathla.  fucoxaatfciool.  aad 
Isofucoxasthla  ts  il  laser  a  tod  89  tt#  data  t#  tab  loo  1,  1  aad  Figaro  ll. 
tbedor  idoacical  equilibrate—  aad  ebro—  tograpbic  coodicioao  (ucosaoebi# 
fioldod  b,  ioofocosaaebia  8,  focoaaaebtool  4,  aad  ieofucoxaatbiaol  7  cio 
too— ro.  la  all  ■iataroa.  cbo  all-trana  too— r  «ae  cbo  —at  aboadaoe. 

Tablo  7  proaoaeo  ebo  roaulco  of  aa  experi— at  ia  which  fucosaaebia 
iaolacod  fro#  Foru  oodiaoae  crapa  4b  aad  #7  aad  standard  fuc oxen thin  were 
iso— fixed.  Aa  ia  ebo  previous  aoc  of  oxpori— oca,  agree— at  vaa  within 
ebo  expected  analytical  preciaioo  of  the  aeaeure— ot  (♦2%).  la  addition, 
the  — jor  cia  iao— r  of  fucoxantbio  (absolute  atereochea iatry  unknown) 
isolated  fro#  aedi— nt  trap  #6  yields  an  iso— ric  #ixture  identical  to  the 
all-trana  fractions  isolated  fro#  aedi— nt  traps  #6  and  # 7,  and  standard 
fucoxanthin.  In  these  experi— ncs  approximately  SO  -  100  ng  of  pig— nt 


m»  emolyaoe.  OptfMiii  it  —i—  MMitinty.  dM  ammo  mwiwui  ua 
M  mod#  m  iffratiaaialr  10  -  IS  ag  of  aatarul. 

COdCLOClOd* 

Ha*  viaiila  ipMCri,  4au*iiuatioa  ta^artmu,  aad  mm 

taKKOMiru  mm  art  caaaiataai  vul  CM  atnctana  of  htcwatliU  (IV), 
iaafacauattia  (11V),  (acauattuwi  (Vi),  aa4  uahteauathiaai  (Ill)  firac 
propoooe  by  low  ace  #£  d. ,  llVhb).  Selective  redectloe  of  CM 
(ocoiaanu  Haiar  «td  LUt(CKj)jl  prottaai  a  auepl*r  aad  ai|iar 
yield  leg  ifitlMaki  of  (MMuataiaol  thaa  CM  LUil4*MQ  lyadaiii  «aaC 
by  taaac c  (1909). 

lilylattoa  of  (ocopifMti  aid  HMDS  aad  HO*i  provtdaa  a  rapU, 
Boadaimcciva  method  for  Mtemieieg  CM  aaabar  and  typo  of  hydroxyl 
groopo.  **d  la  deceroiaUg  CM  oscmc  of  iaomeriaotioo  of  cho 
J.MpMida.  Silylodoe  is  alao  aaafal  aa  a  aaau  to  parity  corotoooida 
for  WOk  opoctrooeopy  aad  moo  apeccroaaec  ic  a cod lee.  Tbo  mm  opoccro  of 
•Uyiocotf  focopigmeota  oro  aera  coop)**  CMa  cho  uaderlvaciaed  porooco. 
however.  iocorpococioo  la  a  cr  eight  forward  aad  cho  ooooicivicy  la 
generally  oohoocod  duo  co  cho  iocrooood  volatility  of  cMoo  derivativea. 

iodioo  cocoiysod  phocoiooooricocioo  ia  o  proaiaing  cochoiquo  for 
idoocifyiog  corocoooido  iaolocod  froo  goocMoical  aMplo*.  Tho  oachod  ia 
highly  specific,  ooo-daetruccive,  and  raquiraa  ooly  10-20  ng  of  pigoonc. 
Pucoxanthin,  iaofucoxoochio,  fucoxanthinol ,  cod  iao fucoxanthinol  produce 
diatinctly  difforooc  eia/trana  equilibrium  mixture  when  iaooerised  under 
Che  aeM  condition a.  pucoxanthin  iaooera  iaolocod  froo  aedineuc  crapa 
generate  Che  aeae  cis/trene  equilibrium  mixturea  aa  authentic  fucoxanthin. 
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INTRODUCTION 


Carotenoids  occur  in  sediments  and  suspended  particulate  matter  as 
complex  mixtures  of  biosynthetic  pigments  and  their  transformation 
products.  Until  recently,  the  complexity  of  these  mixtures  outstripped 
the  techniques  available  for  separation,  precluding  analysis  of  all  but 
major  pigawnts  (Fox.  1937;  Fox  et  al. .  194S;  Jeffrey.  1974,  1976;  Neveux. 
1975).  The  introduction  of  high  pressure  liquid  chromatography  and  mass 
spectrometry  to  non-volatile  compounds  have  largely  solved  problems  of 
separation  and  identification,  such  that  quantitative  analysis  is  now  more 
limited  by  methodology  (sampling,  choice  of  chromatographic  system, 
development  of  suitable  internal  standards,  etc.)  than  by  analytical 
capabilities  per  ee.  These  developments  in  sophisticated  analytical 
techniques  have  stimulated  a  renewed  interest  in  carotenoid  geochemistry. 
Carotenoids  characteristic  of  specific  classes  of  organisms  have  now  been 
used  to  identity  sources  of  sedimentary  organic  matter  (Watts  et^  al. , 

1977;  Watts  and  Maxwell,  1977;  Hajibrahim  et  al..  1978,  Cardoso  et  al., 
1978;  Criffiths  et  al. .  1978),  deduce  transformation  pathways  (Repeta  and 
Cagosian,  1982  a,b).  recognise  pollution  events  (Griffiths  and  Edmondson, 
1975;  Griffiths  et  al. .  1969),  and  monitor  eutrophication  in  Lake  Zurich 
(Zullig,  1981). 

There  are  numerous  reports  of  HPLC  separations  of  marine  carotenoids 
(Stewart  and  Wheaton.  1971;  Cadosch  and  Euguster  1974;  Eskins  et  al. . 

1977;  Fiksdahl  et  al. .  1978;  Hajibrahim  e£  al. .  1978;  Vecchi  and  Muller, 
1979;  Ohmacht,  1979;  Eskins  and  lXitton,  1979;  Abaychi  and  Riley,  1979; 
Paankker  and  Gallegraeff,  1979;  Ronneberg  e£  al. .  1980;  Davies  and 
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Holdsworth  1980;  Schiedt  et  al. ,  1981).  Schwartz  and  Von  Elbe  (1982)  have 
reviewed  HPLC  analysis  of  plant  pigments,  and  systematic  studies  of  a  wide 
variety  of  carotenes  and  xanthophylls  have  been  reported  by  Fiksdahl  et 
al. .  (1978)  and  Matus  et  al. .  (1981).  In  general  these  studies  have 
focused  on  separating  specific  carotenoid  mixtures,  and  have  ignored  the 
aspects  of  pigment  degradation  during  analysis,  reproducibility,  and 
recovery  that  are  fundamental  to  quantitative  analysis. 

The  present  chapter  describes  an  isolation  technique  using  cold 
solvent  sonic  extraction,  gel  permeation  chromatography,  and  analytical 
HPLC  which  permits  quantitative  isolation  of  highly  purified  carotenoids 
from  geochemical  samples.  A  carotenoid  not  found  in  nature  was  added  as 
an  internal  standard  to  monitor  pigment  degradation  during  sample  storage 
and  analysis.  Three  criteria  were  considered  in  developing  the  method;  1) 
the  chromatographic  system  must  separate  the  five  most  quantitatively 
important  marine  carotenoids  (fucoxanthin,  peridinin,  diadinoxanthin, 
diatoxanthin,  and  astaxanthin) ,  2)  recoveries  must  be  quantitative  at  the 
nanogram  level,  and  3)  carotenoids  must  not  be  transformed  during 
analysis.  Presently  no  published  technique  meets  these  requirements. 

As  in  most  other  carotenoid  analyses,  the  present  method  includes 
steps  to  extract,  concentrate,  and  separate  carotenoids  from  samples,  and 
identify  individual  pigments  on  the  basis  of  their  physical  properties. 
However  the  method  differs  from  previously  published  techniques  in  several 
important  respects.  Most  published  methods  either  include  the  lipids 
extracted  with  carotenoids  in  the  analysis,  or  remove  them  by  methods 
incompatible  with  the  recovery  of  many  geochemically  interesting 
pigments.  For  example.  Watts  et  al. ,  (1977)  saponified  sediment  extracts 


as  a  means  of  removing  lipids  which  interfere  with  mass  spec trome trie  and 
HPLC  analysis.  Since  many  marine  carotenoids  are  esters,  or  are  unstable 
toward  saponification  (astaxanthin,  fucoxanthin,  peridinin)  this  treatment 
is  satisfactory  only  for  the  analysis  of  relatively  stable  pigments. 

The  present  analysis  also  differs  in  that  it  incorporates  an 
internal  standard  to  monitor  recoveries  and  transformations  which  may 
occur  as  a  result  of  the  analysis.  The  sensitivity  of  modern  HPLC  systems 
has  made  nanogram  analysis  of  carotenoids  routine.  This  three  to  six 
orders  of  magnitude  increase  in  sensitivity  over  conventional  liquid 
column,  paper,  and  thin  layer  chromatography  has  not  been  accompanied  by  a 
similar  scaling  of  chromatographic  systems.  Nanogram  losses  of  pigment 
are  below  the  detection  limit  of  conventional  liquid  column  and  thin  layer 
chromatography,  but  may  account  for  the  whole  sample  in  many  geochemical 
analyses.  Most  published  carotenoid  HPLC  analyses  use  silica  columns. 
Tanaka  et  al, ,  (1981)  have  demonstrated  that  recovery  of  carotenoids  from 
silica  is  not  quantitative  for  many  pigments  (  g-carotene  (I),  lutein 
(XIX),  astaxanthin  ester  (III),  canthaxanthin  (XXV),  zeaxanthin  (XX),  and 
isozeaxanthin  (XLII)).  In  the  present  study  astaxanthin  was  totally  lost 
from  samples  at  the  1-10  ng  level  using  conventional  packed  (300  x  4.1  mm, 
approximately  3  grams  of  silica  adsorbent)  HPLC  columns. 

EXPERIMENTAL 

A  Waters  (model  6000A  pumps,  660  solvent  programmer,  440  two  channel 

detector,  and  U6K  injector)  HPLC  system  was  used  for  all  analysis. 

o 

Pre-packed  100A  polys tyrene-divinylbenzene  columns  for  gel  permeation 

o 

chromatography  were  purchased  from  Waters  Associates,  Milford,  Mass.  (100A 
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UStyragttl).  Spherisorb  5  V  m  amino,  octadecylsilane  (ODS),  and  silica 
columns  for  analytical  HPLC  separations  were  packed  in-house  using  a 
balanced  density  slurry  (CHjB^-CHjC^)  at  15,000  psi  (Majors, 

1972). 

Particulate  matter  samples  were  sonic  extracted  twice  in  30  ml  of 
MeOH  (20  min  each)  and  once  in  30  ml  of  C^C^  (20  min).  Extracts 
were  combined,  filtered  through  a  Gelman  type  AE  glass  fiber  filter,  and 
concentrated  to  approximately  200  V  1  by  vacuum  rotary  distillation  before 
gel  permeation  chromatography.  All  solvents  were  distilled  in  glass 
(Burdick  and  Jackson). 

Chemical  ionization  mass  spectra  were  collected  on  either  a  Finnigan 
3200  of  4505  quadrupole  mass  spectrometer  interfaced  with  an  Incos  2300 
data  system.  Operating  conditions  for  the  Finnigan  3200  mass  spectrometer 
were  as  follows:  mass  range  150-700  amu  at  275  amu/sec,  900  pm  methane 
reagent  gas,  ionization  voltage  130  eV,  ionization  current  500  uA, 
multiplier  gain  1.5  kV,  and  preamplifier  10  7  A/V.  The  finnigan  4505 
mass  spectrometer  was  operated  at:  mass  range  150-1000  amu  at  425  amu/sec, 
900  pm  CH^  reagent  gas,  ionization  voltage  100  eV,  ionization  current 
250 pA,  multiplier  gain  1  kV,  conversion  dynode  3kV,  and  preamplifier 
10-7  A/V.  Unless  other  noted,  all  manipulations  were  carried  out  at 
room  temperature  and  unoex  «.  light  conditions. 


RESULTS  AND  DISCUSSION 

Gel  Permeation  Chromatography  Separation  of  carotenoids  from  chlorophylls 
and  other  non>carotenoid  lipids  was  considered  necessary  as  a  means  of 
simplifying  HPLC  and  mass  spectrosMtric  analysis.  Eskins  and  Dutton 
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(1979)  described  a  simple  method  of  separating  carotenoids  from  polar 
lipids  using  a  short  ODS  column.  Chlorophylls  were  retained  with 
carotenoids  on  the  ODS  column  and  made  subsequent  HPLC  separations  more 
difficult.  Watts  ££  al.  (1977)  saponified  sediment  extracts,  then 
partitioned  carotenoids  into  ether.  The  ether  solution  was  passed  through 
an  alumina  column  prior  to  HPLC  analysis.  Since  astaxanthin,  fucoxanthin, 
and  peridinin  are  unstable  towards  saponification  and  chromatography  on 
alumina,  this  method  is  unsatisfactory  for  the  analysis  of  these  pigments 
in  recent  sediments. 

In  principal,  carotenoids  can  be  separated  from  chlorophylls  and 
most  non-carotenoid  lipids  on  the  basis  of  their  molecular  size.  Zwolenik 
(1970)  reported  the  separation  of  carotenoids  from  chlorophylls  on 
crosslinked  polystyrene  divinylbenzene  gels.  Highly  crosslinked 
semi-rigid  polystyrene  divinylbenzene  gels  have  been  used  in  the 
separation  of  n-alkanes  (Cj-C^g),  aromatic  hydrocarbons,  alcohols 
(Ci-Cig),  glycol  ethers,  esters  (phthalates) ,  triglycerides,  quinones, 
phenols,  acids  (Cj-C^),  ethers  (glycol),  and  diamines  (Krishen  and 
Tucker,  1977;  Haualer  et  al.  1979;  and  references  therein).  100^ 
yStyragel  has  an  exclusion  limit  of  approximately  1000  amu  polystyrene, 
and  an  optimal  separation  range  of  between  400-100  amu  polysytrene.  This 
gel  should  exclude  carotenoids  and  efficiently  separate  them  from  low 
molecular  weight  lipids.  Table  1  presents  retention  time  data  for 

thirteen  carotenoids,  chlorophylls  -a  and  -b,  and  representative  alkanes, 

o 

aromatic  hydrocarbons,  wax  esters,  fatty  acids,  and  sterols  on  two  100A 
y  Styragel  columns  in  series  eluted  with  CHjC^  at  2  ml/min. 

Carotenoids  elute  shortly  after  the  dead  volume  (approximately  10  ml)  and 
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Table  l.  Retention  volumes  (Rv)  for  carotenoids,  chlorophylls,  alkanes, 
aromatic  hydrocarbons,  triglyerides,  fatty  acids,  and  sterols  on  two  10(& 
ViStyragel  columns  in  series  eluted  with  dichloromethane  at  2  ml 8 /min. 


Rv(mls) 


MW 


3 ,3 '-Diols 

Fucoxanthin  (IV) 

11.94 

658 

2,2 '-Dihydro lycopene  (XLIII) 

12.12 

568 

Diadinoxanthin  (III) 

12.22 

582 

Lutein  (XIX) 

12.28 

568 

Zeaxanthin  (XX) 

12.28 

568 

Ketones 

Astacene  (IX) 

12.06 

596 

canthaxanthin(XXV  ) 

12.02 

566 

echinenone  (XXVI) 

12.38 

550 

4, 4' -alcohols 

Isozeaxanthin  (XLII) 

12.40 

568 

Isocryptoxanthin  (XLIV) 

12.60 

552 

Carotenes 

Lycopene  (XLV) 

12.30 

536 

0 -carotene  (I) 

12.78 

536 

a-carotene  (XLVI) 

12.74 

536 

Docosane  (0-022) 

12.00 

310 

Tripalmitin 

12.38 

806 

Tristearin 

12.48 

890 

Oleic  acid 

13.50 

282 

Squalane 

14.72 

412 

Cholesterol 

16.04 

386 

Stigmasterol 

16.04 

412 

Desmosterol 

16.04 

384 

6-sitosterol 

16.04 

41* 

Campe sterol 

16.04 

400 

Napthalene 

20.80 

128 

Benzene 

21.20 

78 
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are  not  well  separated.  Retention  volume  correlates  with  apparent 
molecular  size,  acyclic  carotenoids  elute  before  their  hicyclic  isomers 
(lycopene  12.30  ml  vs.  12.76  ml  for  ct  fi  -carotene;  2 ,2 '-dihydroxy- 
lycopene  12.12  ml  vs.  12.28  ml  for  lutein  and  zeaxanthin)  and  double  bond 
isomers  (  a£  -carotene;  lutein  and  zeaxanthin)  are  not  separated.  Within 
each  carotenoid  subclass  listed  in  Table  4  (hydrocarbons,  ketones, 

4,4 '-alcohol 3 ,  3,3'-diols)  retention  time  (Rfc)  follows  molecular  weight: 

astacene  (tetra-ketone)  >  canthaxanthin  (di-ketone)  >  echinenone 
(mono-ketone) . 

8 -carotene  was  the  most  strongly  retained  carotenoid.  Good 
separation  of  ^-carotene  from  chlorophylls  -£  and  -j>,  fatty  acids  C^, 
squalane,  sterols,  and  low  molecular  weight  aromatic  hydrocarbons  was 
achieved  on  two  30  cm  columns  connected  in  series  (Figure  1).  Separation 
of  total  carotenoids  from  total  chlorophylls  extracted  from  the  marine 
dinoflagellate  Peridinium  tri  coma  turn  was  greater  than  99. 71  (as  measured 
by  absorbance  at  663  nm  of  the  collected  fractions). 

Table  2  presents  data  for  the  recovery  of  8 -carotene  (I), 
canthaxanthin  (XXV),  isozeaxanthin  (XLI),  lutein  (XIX),  and  fucoxanthin 
(IV)  after  gel  treatment.  A  standard  solution  of  these  five  pigments  was 
volumetrically  split  in  half,  one  half  run  through  the  gel  column,  and 
collected.  Both  samples  (untreated  and  gel  treated)  were  taken  to  dryness 
and  redissolved  in  equal  amounts  of  methylene  chloride.  Aliquots  of  the 
untreated  and  gel  treated  standard  mixtures  were  alternately  injected  onto 
a  Waters  uPorasil  column  eluted  with  2SZ  acetone  in  hexane  at 
4  ml/minute.  Greater  than  91Z  recovery  was  observed  for  all  pigments. 

The  gel  treated  sample  was  systematically  lower  than  the  untreated  sample. 
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Table  2.  Recovery  of 0 -carotene ,  can thazan chin,  isozeaxanthin,  lutein, 
and  fucoxanthin  from  u  Styr age 1.  Chromatographic  conditions  given  in  Table 
1  legend. 


Peak  Height 


Run 

1 

2 

3 

4 

5 

6 

7 

8 

Mean 

R* 

Untreated 

0-carotene 

180 

184 

199 

191 

218 

151 

167 

177 

183+  14 

can thaxan thin 

142 

155 

159 

173 

173 

124 

137 

148 

1517  11 

isozeaxanthin 

141 

151 

158 

152 

179 

121 

132 

147 

148+  12 

Lutein 

162 

167 

174 

169 

191 

140 

144 

147 

162+  11 

Fucoxanthin 

159 

160 

169 

164 

183 

142 

147 

146 

159+  10 

Gel  Treated 


0-carotene 

165 

158 

167 

166 

172 

160 

161 

174 

165+ 

4.4 

912 

Can thaxan thin 

139 

136 

143 

140 

153 

137 

141 

152 

143+ 

5.1 

952 

Isozeaxanthin 

131 

127 

134 

131 

142 

128 

137 

143 

1347 

5.0 

912 

Lutein 

146 

141 

149 

146 

157 

152 

146 

158 

148+ 

4.6 

912 

Fucoxanthin 

150 

142 

151 

149 

159 

155 

149 

165 

1537 

5.5 

962 

Untreated 

Normalized 

Peak  Height 

0-carotene 

128 

125 

126 

126 

122 

125 

126 

120 

125+ 

2.4 

Can thaxan thin 

101 

103 

101 

101 

97 

102 

104 

100 

101+ 

2.0 

Isozeaxanthin 

Lutein 

115 

110 

110 

111 

107 

116 

109 

100 

100“ 

110+ 

3.2 

Fucoxanthin 

113 

106 

107 

108 

102 

118 

111 

100 

1087 

5.5 

Gel  Treated 


0*carotene 

126 

124 

125 

127 

121 

125 

118 

122 

124+ 

2.8 

Can  thaxan  thin 

106 

107 

107 

107 

108 

107 

103 

106 

1067 

1.4 

Isozeaxanthin 

100” 

Lutein 

111 

111 

111 

111 

110 

119 

106 

110 

111+ 

3.4 

Fucoxanthin 

114 

112 

113 

114 

112 

121 

109 

115 

1147 

3.2 

♦Recovery 
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Figure  1.  HPLC  separation  of  carotenoids  (car)  ^pd  chlorophylls  (chi) 
extracted  from  Peridinium  trichoidium  on  two  100  A  W Styragel  columns  in 
series  eluted  with  methylene  chloride  at  1.5  ml/min.  UV  detection  at  436 
nm. 
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suggesting  the  difference  in  recovery  ney  be  due  to  sample  dilution  rather 
than  on-column  or  handling  losses.  This  hypothesis  is  supported  by  the 
normalized  data  presented  in  Table  2.  The  only  significant  difference 
observed  between  the  two  samples  was  for  canthaxanthin,  where  the  range 
for  the  two  samples  differed  by  1Z. 

High  Pressure  Liquid  Chromatography  Separations  of  phytoplankton  and 
zooplankton  pigments  have  been  reported  on  reverse  phase  ODS  (Eskins  et 
al. ,  1977;  Daves  and  Holdsworth,  1980),  and  silica  (Abaychi  and  Riley, 

1979;  Paankker  and  Gallegraeff,  1979).  It  is  difficult  to  compare 
different  chromatographic  systems.  Typically,  resolution  and  selectivity 
are  considered.  However,  these  parameters  are  dependant  on  analysis  time, 
choice  of  gradient,  and  the  specific  compounds  being  separated;  such  that 
choice  of  an  optimal  system  is  highly  subjective.  Four  criteria  were  used 
in  the  choice  of  an  optimal  system  for  the  present  study:  1)  the  system 
must  separate  fucoxanthin,  peridinin,  diadinoxanthin,  and  astaxanthin,  2) 
recovery  of  pigments  must  be  quantitative,  3)  analysis  time  must  be  <_  1 
hour,  and  4)  effective  plates  per  second  (N^^/sec)  should  be  maximized. 

Table  3  summarizes  data  for  three  chromatographic  sytems  evaluated 
with  the  above  criteria:  an  ODS  column  eluted  with  aqueous  MeOH,  silica 
eluted  with  hexane/acetone ,  and  an  n-propylamino  (hereafter  amino)  column 
eluted  with  hexane/ (THF/MeOH) .  Reverse  phase  separation  on  ODS  provides 
good  separation  of  fucoxanthin,  peridinin,  diadinoxanthin,  and  astaxanthin 
(Figure  2).  Analysis  time  was  under  one  hour  and  all  pigments  were 
quantitatively  recovered.  Values  of  Ng^/sec  ranged  from  0.53 
(fucoxanthin)  to  3.2  (diadinoxanthin).  Comparable  separations  and 


Table  3.  Comparison  of  carotenoid  separations  on  ODS ,  silica,  and  amino 
columns. 


Column  Comments 


Recovery  Analysis  Neff/sec 
Time  # 


ODS***  Good  separation  of  peridinin,  all  pigments  50  0.8:0. 5:3. 2:2. 9 

fucoxaxthin,  diadinoxanthin,  recovered 
and  astaxanthin. 


Amino**  Good  separation  of  peridinin,  all  pigments  60 
fucoxanthin,  diadinoxanthin,  recovered 
and  astaxanthin. 


Silica*  Good  separation  of  fucoxanthin 
and  diadinoxanthin. 


astaxanthin 
not  recovered 


60 


1.4:2. 3:5. 8:8. 9 


not  determined 


Neff/sec  ■  (16(Rt/w)2/Rt) ,  where  Rt  is  retention  time  (min)  and  w 
is  peak  widith  at  base  (min).  Ratios  expressed  as  peridinin: 
f uc oxan th i n : d iad inoxan th i n : a s t axan th i  n . 

***  80-100%  aqueous  methanol,  linear  1  hour  gradient  at  1.5  mls/min. 

**  0-13%  MeCH/THF  (20/80)  in  hexane,  linear  45  minute  gradient  at  2  mls/min. 
*  3-75%  acetone  in  hexane,  linear  20  minute  gradient  at  2  mls/min. 


#  in  minutes 


analysis  times  were  achieved  using  an  amino  column.  However,  values  of 
Ng^^/sec  were  up  to  a  factor  of  5  higher  than  measured  on  ODS. 

Separation  of  fucoxanthin,  peridinin,  diadinoxanthin,  and 
astaxanthin  on  silica  was  not  successful.  Astaxanthin  was  completely 
removed  by  the  column  at  the  1-10  ng  level.  Very  broad  peaks  could  be 
observed  with  the  application  of  1-10  yg  of  astaxanthin  (Figure  3). 
Paankker  and  Gallegraeff  (1979)  reported  similar  tailing  of  astaxanthin  on 
silica  during  separation  of  zooplankton  pigments.  Tanaka  et  al.  (1981) 
report  extensive  degradation  of  astaxanthin  ester  on  conventional  liquid 
columns  packed  with  silica.  Similarly,  Englert  and  Vecchi  (1980)  were 
unable  to  separate  astaxanthin  cis/trans  isomers  on  silica  HPLC  although 
70  different  solvent  systems  were  tested.  Apparently  astaxanthin  reacts 
irreversibly  with  this  adsorbent. 

To  further  test  this  hypothesis  a  comparative  study  was  made  of  a 
conventional  HPLC  column  (4.1mm  i.d.)  packed  with  3  g,  and  a  microbore 
column  (1  mm  i.d.)  packed  with  200  mg  of  Spherisorb  5  bm  silica.  Flow 
rates  were  adjusted  to  produce  equivalent  column  volume/sec.  The  results 
are  presented  in  Figure  3.  Good  recovery  of  approximately  10  ng  of 
astaxanthin  was  achieved  on  the  microbore  columns.  As  in  the  preliminary 
optimization  experiments,  astaxanthin  was  not  recovered  from  the 
conventional  HPLC  column  (4.1  mm  i.d.)  at  the  10  ng  level.  Experiments 
with  astacene  gave  similar  results.  Since  the  distribution  of 
astaxanthin,  astaxthin  esters  and  astacene  in  sediments  and  suspended 
particulate  matter  are  of  interest  in  the  present  study,  and  in  view  of 
the  transformation  of  5,6  epoxides  on  silica  reported  by  Strain  et  al. 
(1967),  further  separations  using  silica  were  not  pursued. 
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Figure  2.  HPLC  separation  of  1)  peridinin,  2)  fucoxanthin,  3)  astaxanthin 
and  4)  diadinoxanthin  on  5  urn  Spberisorb  ODS  (300  x  3.9  mm,  eluted  with 
80-100Z  aqueous  MeOH,  1  hr  linear  gradient  at  1.5  ml/min)  and  on  5  ym 
Spberisorb  n-propyl  amino  (300  x  3.9  mm,  eluted  with  a  45  min  linear 
gradient  of  0-13Z  MeCH/THF  (20/80;  v/v)  in  hexane  at  2  ml/min).  UV 
detection  at  436  an. 
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Figure  3.  HPLC  of  astaxanthia  on  silica  column:  A)  Approximately  5  yg 
astaxanthin  from  a  300  x  4.1  mm  3  ym  Spherisorb  silica  column  eluted  with 
50/30  acetone/hexane  at  2  ml/min.  B)  10  ng  astaxanthin  from  a  300x1  nun  5 
Urn  Spherisorb  silica  column  eluted  with  35%  acetone  in  hexane.  C)  10  ng 
astaxanthin  injected  on  a  300  x  4.1  mm  5  Urn  Spherisorb  silica  column 
eluted  with  35%  acetone  in  hexane.  Flow  rates  adjusted  to  give  equal 
column  volumes/sec. 
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ODS  and  amino  columns  give  equally  good  separation  of  fucoxanthin, 
per id in in,  diadinoxanthin,  and  astaxanthin.  Efficiencies  on  amino  columns 
are  higher  than  on  ODS,  affording  greater  resolution  of  complex  mixtures 
(Figure  2).  The  latter  technique  has  the  added  advantage  that  fractions 
can  be  collected  in  organic  solvents  which  can  be  easily  removed  for 
further  spectroscopic  analysis.  Glass  lined  300  x  3.9  mm  columns  were 
packed  with  Spherisorb  5  y  m  amino  using  a  balanced  density 

slurry  at  15,000  psi.  Column  efficiencies  of  15,000 
plates/m  were  typically  achieved.  Linear  gradients  of  0-10Z,  0-1 IX, 

0-12Z,  0-13Z,  0-14Z,  and  0-15Z  MeCH/THF  (20/80)  in  hexane  were  run  to 
optimize  separation  and  efficiency.  A  45  min  linear  gradient  of  0-13Z 
MeCH/THF  in  hexane  provides  a  good  compromise  of  analysis  time  and 
separation.  More  difficult  separations  can  be  achieved  by  decreasing  the 
concentration  of  MeCH/THF  in  the  final  solvent  mixture.  Retention  times 
and  peak  areas  were  reproducible  to  +_  2Z  and  +  5Z  respectively.  Detector 
response  was  linear  for  injections  of  1.7-170  ng  of  8-carotene  (least 
squares  regression  correlation  coefficient  0.9999). 

Maas  Spectrometry  Mass  spectrometry  of  carotenoids  has  been 
accomplished  using  electron  impact  (El)  (Moss  and  Weedon,  1976),  chemical 
ionization  (Cl)  (Carnevale  et  al, ,  1978),  and  field  desorption  (FD)  (Watts 
et  al. ,  1975)  techniques.  EZ  mass  spectrometry  usually  yields  complex 
spectra  with  few  high  mass  fragments  (Watts,  1975).  Cl  and  FD  techniques 
both  lead  to  simpler  spectra  with  enhanced  abundances  of  high  mass 
fragments.  Field  desorption  has  the  added  advantage  that  ionization 
occurs  on  the  surface  of  the  emitter,  avoiding  problems  of  thermal 
decomposition  during  heating  to  volatilize  the  sample.  Recent  advances  in 
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Che  mass  spectrometry  of  nonvolatile  and  thermally  labile  molecules  have 
focused  primarily  on  sample  ionization  (Daves,  1979  and  references 
therein).  Hunt  et  al.  (1977),  Hansen  and  Munsen  (1978),  Cotter  (1979), 
and  Thenot  ejt  al.  (1979)  have  described  the  use  of  in-beam  sample 
introduction  to  obtain  Cl  mass  spectra  of  high  molecular  weight,  thermally 
unstable  lipids  and  nonvolatile  salts.  The  technique  has  the  advantage  of 
low  cost  and  requires  only  a  very  simple  modification  of  the  mass 
spectrometer. 

In-beam  probe  studies  have  emphasized  the  importance  of  probe 
material.  Ideally,  the  probe  surface  should  be  inert  towards  the  sample 
and  have  good  thermal  conductivity  for  rapid  heating.  Hunt  £t  al.  (1977) 
used  a  tungsten  wire  coated  with  graphitized  carbon.  Hansen  and  Munsen 
(1978),  Cotter  (1979),  and  Thenot  et  al.  (1979)  used  teflon,  vespel,  and 
glass  probes  respectively.  Carroll  et  al.  (1979)  compared  probes 
constructed  of  different  materials  and  concluded  that  the  composition  of 
the  probe  tip  was  not  critical.  However,  probes  constructed  from 
materials  with  poor  electrical  conductivity  often  produced  spectra  with 
erratic  peaks  due  to  localized  charges  on  the  probe  suface.  A  siloxane 
coated  copper  tip  was  tested  and  found  to  give  reproducible  spectra 
comparable  to  those  collected  using  teflon,  vespel,  or  glass  probes. 

Glass  and  copper  probes  were  fabricated  to  replace  the  recessed 
quartz  sample  holder  of  the  Finnigan  3200  (Figure  4).  Samples  dissolved 
in  CH^Cl^  were  applied  to  the  probe  tip  and  the  solvent  allowed  to 
evaporate.  The  probe  tip  was  inserted  into  the  edge  of  the  ion  beam  (as 
monitored  by  a  sharp  change  in  the  ion  plasma),  and  ballistically  heated 
to  400°C  at  approximately  100°C/min.  Sensitivity  varied  with  heating 
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Figure  4.  Schematic  diagram  of  "in  beam"  direct  insertion  probes  for  A) 
Finnigan  3200  and  B)  Finnigan  4505  mass  spectrometers. 
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rate.  Slow  probe  heating  (20°C/min)  resulted  in  extensive  thermal 
decomposition  of  the  sample  and  poor  sensitivity.  In  general,  larger 
sample  loads  had  to  be  applied  to  the  glass  probe  than  to  the  copper  probe 
to  yield  comparable  spectra.  Greater  than  100  ng  of  8 -carotene  had  to  be 
applied  to  the  glass  probe  for  single  scan  detection  (S/N  >  2).  Detection 
limits  for  the  copper  probe  were  4  ng  for  8“^ar°tene»  13  ng  for 
diadinoxanthin,  and  55  ng  for  fucoxanthin.  This  difference  in  sensitivity 
most  likely  results  from  the  poor  thermal  conductivitiy  and  slow  heating 
rate  of  the  glass  probe.  Addition  of  a  8-carotene  carrier  to  the 
fucoxanthin  standard  to  a  final  concentration  ratio  of  2:1, 

8-carotene: fucoxanthin  did  not  lead  to  any  measurable  increase  in 
sensitivity  for  fucoxanthin.  Coating  the  copper  tip  with  OV-101  similarly 
did  not  lead  to  any  enhancement  of  sensitivity.  Representative  spectra  of 
diadinoxanthin  and  astaxanthin  are  given  in  Figure  5. 

Internal  Standards  Neoxanthin  acetate  (XVI)  was  used  as  an  internal 
standard  to  monitor  pigment  recoveries  and  degradation  during  analysis. 
Neoxanthin  isolated  from  spinach  was  acylated  with  acetic  anhydride  in 
DMAP/pyridine.  After  5  min,  the  reaction  was  quenched  with  saturated 
aqueous  CaCO^  and  the  pigments  extracted  into  Ci^C^*  The  extract 
was  dried  over  NaSO^,  filtered,  and  neoxanthin  acetate  purified  by  HPLC 
(amino  column,  5%  MeOH/THF  in  hexane).  Neoxanthin  acetate  has  5,6 
epoxide,  5'-hydroxy,  and  3,3 '-diacetyl  functional  groups.  Therefore,  this 
pigment  can  be  used  to  monitor  acid  rearrangement  of  the  5,6-epoxide  in 
diadinoxanthin,  dehydration  of  the  5 '-hydroxyl  in  fucoxanthin,  and  ester 
hydrolysis  of  the  3 '-acetate  in  fucoxanthin  during  analysis.  The 
resulting  degradation  products  (5 ,8-furanoxide ,  5'-ene,  and  3 '-alcohol) 


Figure  5.  Chemical  ionization  mass  spectra  of  diadinoxanthin  and 
astaxanthin.  Conditions:  Finnigan  3200  mass  spectrometer,  scanned  from 
100-700  amu  at  300  amu/sec,  900  pm  CH4  reagent  gas,  ionization  voltage 
130  eV,  ionization  current  500  uA. 
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can  be  separated  from  the  parent  compound  using  an  amino  column  eluted 
with  0-13%  MeOH/THF  (20/80)  in  hexane. 

Application  of  method  Suspended  particulate  matter  and  sediment 
trap  samples  were  collected  with  10  £  Niskin  bottles  off  the  coast  of 
Mexico  (17°  30.8'  N,  109°  15.3'  W).  Samples  were  filtered  through 
Gelman  type  AE  glass  fiber  filters,  and  the  filters  stored  for 
approximately  one  month  at  -20°C  in  foil  wrapped  glass  vials  filled  with 
MeOH.  Immediately  before  storage  0.5  ml  of  5.0  yM/1  (1.71  pg)  neoxanthin 
acetate  in  methanol  was  pipetted  into  the  samples.  Blank  filters  in  MeOH 
were  also  spiked  with  neoxanthin  acetate  and  stored  as  described  for  the 
samples. 

After  returning  to  the  lab,  filters  were  sonic  extracted  in  MeOH 
(twice,  20  min  each)  and  CH2C12  (once,  20  min).  Extracts  (MeOH  and 
CH^Cl^)  were  combined,  filtered,  and  concentrated  by  vacuum  rotary 
evaporation.  Blank  samples  were  analyzed  directly  by  HPLC  (amino 
column).  Particulate  matter  samples  were  subjected  to  gel  permeation 
chromatography  prior  to  amino  column  HPLC. 

Quantitative  analysis  of  blank  and  sample  filters  showed  that  93%  of 
the  neoxanthin  acetate  was  recovered  from  the  samples  relative  to  the 
blanks  (Figure  6).  Epoxide  rearrangement  to  the  5,8  furanoxide  was 
observed  for  both  neoxanthin  acetate  and  diadinoxanthin  in  all  samples. 

No  dehydration  or  ester  hydrolysis  of  neoxanthin  acetate  or  fucoxanthin 
was  observed  in  suspended  particulate  matter,  however  significant 
concentrations  of  fucoxanthinol  were  measured  in  sediment  trap  samples. 
Samples  which  contained  fucoxanthinol  did  not  contain  neoxanthin, 
therefore  transformation  of  fucoxanthin  to  fucoxanthinol  is  not  a  result 
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of  either  sample  storage  or  analysis.  Analysis  of  a  standard  mixture  of 
neoxanthin  acetate,  diadinoxanthin,  fucoxanthin,  astaxanthin,  and 
peridinin  showed  that  no  transformations  resulted  from  the  method. 

However,  if  the  sample  is  taken  to  dryness,  equilibration  with  cis  isomers 
will  occur.  Since  no  epoxide  rearrangement  results  from  the  analysis,  the 
neochrome  acetate  and  diadinochrome  measured  in  the  samples  are  considered 
to  arise  from  storage. 


CONCLUSIONS 

The  carotenoid  distribution  in  extracts  from  geochemical  samples  can 
be  quantitatively  analyzed  at  the  nanogram  level  by  a  combination  of  gel 
permeation  chromatography,  bonded  n-propyl  amino  phase  analytical  HPLC, 

and  "in  beam"  mass  spectrometric  techniques.  Gel  permeation 

o 

chromatography  on  100A  polystyrene-divinylbenzene  columns  provides  a 
rapid,  mild,  and  reproducible  method  for  separating  carotenoids  from 
chlorophylls  and  low  molecular  weight  lipids.  Carotenoids  are  almost 
totally  excluded  from  the  gel  and  elute  as  a  single  fraction. 

A  comparison  of  analytical  separations  on  amino,  silica,  and  oDS 
columns  showed  that  good  separation  of  fucoxanthin,  peridinin, 
diadinoxanthin  and  astaxanthin  is  afforded  by  n-propyl  amino  columns 
eluted  with  0-13%  MeOH/THF  (20/80)  in  hexane.  Separations  on  silica  lead 
to  extensive  loss  of  astaxanthin  and  related  pigments  due  to  irreversible 
adsorption  onto  the  column.  Good  separations  of  phytoplankton  and 
zooplankton  pigments  were  also  achieved  on  ODS  columns  eluted  with  aqueous 
MeOH,  however  N^^/sec  were  up  to  a  factor  of  5  lower  than  measured  on 


amino  columns 


Greater  than  922  recovery  of  neoxanthin  acetate  from  samples  and 
blanks  was  measured  in  replicate  analysis.  No  transformations  resulted 
from  the  analysis.  However,  rearrangement  of  5,6  epoxides  to  5,8 
furanoxides  was  observed  during  storage  of  samples  at  -20°C  for  periods 
of  one  month. 
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Figure  6.  Separation  of  carotenoids  in  A)  blank,  and  B)  suspended 
particlate  matter  sample  collected  off  the  coast  of  Mexico.  The  blank  was 
prepared  and  stored  at  the  same  time  as  the  sample.  Compound 
identification:  1)  neochrome  acetate  (XLV),  2)  neoxanthin  acetate  (XVI), 

3)  diadinochrome  (X),  4)  diadinoxanthin  (III),  and  5)  fucoxanthin  (IV). 
Separation  conditions  given  in  Figure  2  legend. 
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SUMMARY  AND  CONCLUSIONS 


Three  classes  of  fucoxanChin  transformation  products  were  isolated 
from  oceanic  suspended  particulate  matter:  free  alcohols  (fucoxanthinol, 
isofucoxanthinol,  fucoxanthinol  5'-dehydrate,  and  isofucoxanthinol 
5 '-dehydrate) ,  opened  epoxides  (isofucoxanthinol  and  isofucoxanthinol 
5 '-dehydrate) ,  and  5 '-dehydrates  (fucoxanthin  5 '-dehydrate,  fucoxanthinol 
5 '-dehydrate ,  and  isofucoxanthinol  5 '-dehydrate) .  Numerous  other  pigments 
which  did  not  coorespond  to  major  phytoplankton  or  zooplankton  carotenoids 
were  also  detected  in  sediment  trap  and  fecal  pellet  samples.  Mass 
spectrometric  characterization  of  these  pigments  suggests  they  originate 
from  marine  phytoplankton.  However,  the  specific  structures  of  these 
pigments  is  as  yet  under t era ined. 

Rapid  hydrolysis  of  fucoxanthin  to  fucoxanthinol  by  higher 
heterotrophs  was  observed  in  sediment  trap  samples  collected  in  both 
Buzzards  Bay  and  off  the  Peru  coast.  Hydrolysis  of  triglycerides, 
chlorins,  and  wax  esters  in  the  oceanic  water  column  and  surface  sediments 
has  been  proposed  to  explain  the  distribution  of  free  fatty  acids,  chlorin 
free  acids,  and  alcohols  in  Recent  sediments.  It  seems  reasonable  that 
hydrolysis  is  a  quite  general  transformation  reaction  operative  on  diverse 
classes  of  organic  esters  and  mediated  by  a  wide  variety  of  higher 
heterotrophs. 

Schuman  and  Lorenzen  (1975)  have  provided  circumstantial  evidence  for 
the  hydrolysis  of  chlorophyll-a  to  phaeophorbide-a  by  zooplanktonic 
herbivores.  The  data  of  the  present  study  supports  this  conclusion,  and 
suggests  a  need  for  direct  experiments  in  which  the  hydrolysis  of 
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chlorophyll,  carotenoid,  and  other  organic  esters  can  be  monitored 
s imu 1 taneous ly . 

5' -Dehydrates  were  observed  in  Buzzards  Bay  sediment  trap  material  and 
fecal  pellet  samples.  Like  ester  hydrolysis,  dehydration  may  be  a  general 
transformation  pathway  operative  on  diverse  classes  of  compounds. 
Dehydration  products  of  sterols  (Dastillung  and  Albrecht,  1977;  Gagosian 
et.  al,,  1980),  phytol  (Simoneit,  1973;  De  Leeuw  et.  al. ,  1977),  and  amino 
acids  (Bada  and  Hoopes,  1979)  have  been  reported  in  a  number  of  marine 
environments.  However,  unlike  ester  hydrolysis,  there  are  no  data  which 
suggests  a  common  transformation  process.  Both  chemically  mediated  acid 
catalyzed  and  microbially  mediated  metabolic  reactions  have  been 
proposed.  An  acid  catalyzed  chemical  dehydration  seems  unlikely  due  to 
the  coexistence  of  unrearranged  diadinoxanthin  and  dehydrates  in  some 
samples.  More  direct  evidence  could  come  from  further  studies  of  expected 
peridinin,  dinoxanthin,  and  neoxanthin  dehydrates.  These  carotenoids 
contain  both  a  5,6  epoxide  and  5'~alcohol  within  the  same  molecule. 

A  second,  but  more  indirect  route  to  establishing  the  mechanism  of 
dehydration  could  come  from  simulation  experiments  of  potentially 
important  transformation  processes*  Dehydration  of  the  tertiary 
S'-alcohol  can  result  in  three  products  which  differ  in  the  position  of 
double  bond  formation:  the  4',5'-ene,  5',18f-ene,  and  the 
5' jb'-ene-?' ,8'-yne.  Acid  catalyzed  chemical  dehydration  appears  to  be 
nonspecific,  and  all  three  isomers  are  observed.  There  are  no  reports  of 
bacterial  dehydration  of  carotenoids  and  the  distribution  of  double  bond 
isomers  produced  by  this  pathway  is  not  known.  However,  studies  of 
dehydration  using  enrichment  cultures  (Taylor  et ♦  al. ,  1981)  should  enable 
determination  of  the  isomer  distribution  resulting  from  this  dehydration 
pathway . 
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Another  area  which  warrents  further  research  is  the  distribution  of 
carotenoids,  especially  opened  epoxides  of  fucoxanthin,  in  suspended 
particulate  matter  collected  below  the  euphotic  zone,  i.e  the  zone  of 
synthesis  for  phytoplankton  pigments.  Unaltered  phytoplankton  derived 
carotenoids  were  observed  in  suspended  particulate  matter  samples 
collected  as  deep  as  1500  m.  Assuming  a  fucoxanthin  to  organic  carbon 
ratio  of  0.005,  then  approximately  0.4  u  g/5,  of  carbon  can  be  accounted  for 
by  undegraded  phy toplanktonic  material.  Using  an  average  deep  water  value 
for  POC  of  5  yg/J l  (Cauwett,  1981),  some  8%  of  the  total  carbon  at  1500  m 
is  supplied  by  relatively  undegraded  phytoplankton. 

Epoxide  opening  is  thought  to  arise  from  a  base  catalyzed  chemically 

mediated  transformation.  Assuming  that  the  material  collected  in  the 

Buzzards  Bay  sediment  traps  has  an  average  age  of  10  yr,  and  that  the 

reaction  follows  first  order  kinetics,  a  rate  constant  of  k*0.139  yr-1 

is  calculated  for  this  reaction.  If  the  rate  constant  for  epoxide  opening 

in  Buzzards  Bay  approximates  that  for  the  deep  sea,  then  a  residence  time 

of  less  than  72  yr  for  the  particulate  matter  collected  at  1500  m  (based 

on  a  0.2  ng/  £  detection  limit  for  isofucoxanthin)  is  calculated.  This 

14 

residence  time  is  in  general  agreement  with  the  C  derived  residence 
time  measured  by  Williams  et.  al.  (1978)  for  POC  collected  at  2000  m  in 
the  eastern  North  Pacific  Ocean. 
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APPENDIX  I 


Astacene  (IX)  3 ,3 '-Dihydroxy-2 ,3 ,2 1 ,3 '-tetradehydro- g,  g-carotene-4 ,4 '- 
dione 

Astaxanthin  (II)  3 ,3 '-Dihydroxy- g, g-carotene-4 ,4 '-dione 

3 ,3 '-bis(Trimethylsilyl)  fucoxanthinol  diether  (XXXV) 

3  ,3  '-b_is(Trimethylsiloyl)-5  ,6-epoxy-3  ,3 '  ,5  '-trihydroxy-6  '  ,7  '-didehydro- 
5 ,6 ,7 ,8 ,5 ' ,6 '-hexahydro-g, g-caroten-8-one 

3 ,5 '-bis(Trimethylsilyl)  fucoxanthinyl  diether  (XXXI) 

3  ,5 '-bis(Trimethylsiloy 0-5 ,6-epoxy-3 ,3' ,5 '-trihydroxy-6' ,7 '-didehydro- 
5 ,6 ,7 ,8 ,5 ' ,6 '-hexahydro- g, gncaroten-8-one  3 '-acetate 

a-Carotene  (XLVI)  8, e-Carotene 

g-Carotene  (I)  8,8-Carotene 

Canthaxanthin  (XXV)  Bf  8-carotene-4 ,4 '-dione 

Capsanthin  (XVI)  3  ,3 '-Dihydroxy- g,  ic-caroten-6 '-one 

Diadinochrome  (X)  5 ,8-Furanoxy-7 ' ,8 '-didehydro-5 ,8-dihydro-  g,  0-carotene- 

3,3'-diol 

Diadinoxanthin  (III)  5,6-Epoxy-7'  ,8 '-didehydro-5  ,6-dihydro- g,  g-carotene- 
3 ,3 '-dioL 

Diatoxanthin  (XXIII)  7  ,8-Didehydro- g,  g-carotene-3 ,3 '-diol 

2  ,2 '-Dihydrolycopene  (XLIII)  2  ,2 '-Dihydroxy-^,  lircarotene 

Dinoxanthin  (XXVII)  5 ,6-epoxy-3 ,3 ' ,5 '-trihydroxy-6 ' ,7 '-didehydro- 
5,6,5',6'  , -tetrahy dr o-g, g-carotene  3 '-acetate 

Echinenone  (XXVI)  g , g-Caroten-4-one 

Fucoxanthin  (IV)  5 ,6-Epoxy-3 ,3 ' ,5 '-trihydroxy-6 ' ,7 '-didehydro-5 ,6 ,7 ,8 ,5 ' , 
6 '-hexahydro- g,g-caroten-8-one  3  '-acetate 

Fucoxanthin  3-acetate  (XIII)  5 ,6-Epoxy-3  ,3 '  ,5 '-trihydroxy-6  '  ,7 '- 

didehydro-5 ,6 ,7 ,8 ,5' ,6 '-hexahydro-g ,  g-caroten-8-one  3  ,3 '-diacetate 

Fucoxanthin  5'-dehydrate  (vt)  5  ,6-Epoxy-3  ,3  '-dihydroxy-6  '  ,7 ',  18 '- 
tridehydro-5 ,6,7 ,8,6 '-'p^.tahydro-g , g-caroten-8-one  3  '-acetate 

Fucoxanthinol  (VI)  5 ,6-Epoxy-3 ,3 ' ,5 '-trihydroxy-6 ' ,7 '-didehydro- 
5,6  ,7  ,8  ,5  '  ,6 '-hexahydro-8 ,g-caroten-8-one 


Fucoxanthin-8-ol  (XXXIII)  5 ,6-Epoxy-3 ,8 ,3 ' ,5 '-tetrahydroxy-6  ' ,7 '- 
didehydro-5 ,6 ,7 ,8 ,5' ,6 '-hexahydro-g  ,g“carotene  3'-acetate 

Fucoxanthinoi  5'-dehydrate  (XI)  5 ,6-Epoxy-3 ,3 '-dihydroxy-6 ' ,7 ' , 18 ' 
-tridehydro-5 ,6 ,7 ,8 ,5' ,6 '-hexahydro-g , g-caroten-8-one 

Fucoxanthol  (XXXIV)  5 ,6-Epoxy- 3 ,8 ,3 ' ,3 '-tetrahydroxy-6 1 ,7 '-didehydro- 
5 ,6 ,7 ,8 ,5' ,6 ’-hexahydro-g , g-carotene 

Isocryptoxanthin  (XLIV)  g , g-Caroten-4-ol 

Isofucoxanthin  (XIV)  3 ,5 ,3 , '5 '-Te trahydroxy-6 1 ,7 '-didehydro-5 ,8 ,5 ' ,6'- 
tecrahydro-g, g-caroten-8-one  3 '-acetate 

Iso fucoxanthinoi  (XII)  3,5,3' ,5 '-Te trahydroxy-6 ' ,7 '-didehydro-5 ,8 ,5' ,6'- 
tetrahydro- g,  g-caroten-8-one 

Isofucoxanthinol  5'-dehydrate  (VIII)  3 ,5 ,3 '  , -Trihydroxy-6 ' ,7 ' ,18 '- 
tridehydro-5 ,8,6' -trihydro-  g,  g-caroten-8-one 

Isozeaxanthin  (XLII)  g,  g-Carotene-4 ,4 '-diol 

Lutein  (XIX)  g,  erCarotene-3 ,3 *-diol 

Lycopene  (XLV)  ijj,  ijrCarotene 

Mimulaxanthin  (XVIII)  6 ,7-Didehydro-5  ,6  ,5  '  ,6 '-tetrahydro- 8,  8-carotene- 
3,5,3'  ,5  '-tetrol 

Monadoxanthin  (XXIV)  7 ,8-Di dehydro-  g, c-caro tene-3 ,3 '-diol 

Neochrome  acetate  (XLVII)  5 ,8-Epoxy-6 ' , 7 ' -didehydro-5  ,8 ,5 ' ,6 '-tetrahydro- 
3,3' ,5 '-trihydroxy-g , g-carotene  3 ,3 '-diacetate 

Neoxanthin  (XV)  5 ,6-Epoxy-6 ' ,7 '-didehydro-5 ,6 ,5 ' ,6 '-tetrahydro- 
3,3'  ,5 '-trihydroxy-g , g-carotene 

Neoxanthin  acetate  (XVI)  5 ,6-Epoxy-6 ' ,7 '-didehydro-5 ,6 ,5 ' ,6 '-tetrahydro- 
3,3' ,5 '-trihydroxy-g , g-carotene  3 ,3 '-diacetate 

Okenone  (XL)  1 '-Me thoxy-1 ' ,2 '-d ihydro-x ,^-caroten-4 '-one 

Peridinin  (V)  5 ,6- Epoxy-3 ,3' ,5 '- trihydroxy-6'  ,7 '-didehydro-5 ,6  ,5'  ,6'- 

tetrahydro-10 , 11,20-trinor-g , g-caroten-19 ' ,ll'-olide  3'-acetate 

Peridinin  3-acetate  (XVII)  5 ,6-Epoxy-3 ,3' ,5 '-trihydroxy-6' ,7 '-didehydro- 
5,6,5'  ,6 '-tetrahydro- 10 , 11,20-trinor-g,  g-caroten-19  '  ,ll'-olide 
3  ,3 '-diacetate 


Peridinin  5' -dehydrate  (XXVIII)  5 ,6-Epoxy-3 ,3 '-dihydroxy-6 ' ,7 1 ,18 '- 

tridehydro-5 ,6,6 '-trihydro- 10 ,11 ,20-trinor-B, B-caroten-19 ' ,11 '-olide 
3 '-acetate 

Peridininol  (XXIX)  5 ,6-Epoxy-3 ,3 '  ,5 '-trihydroxy-6 '  ,7 '-didehydro- 
5,6,5'  ,6  '-tetrahydro-10 ,1 1 ,20-trinor-g, g-caroten-19 ' ,11 '-olide 

3 ,5 ,3 '  ,5 '-Tetrakis(Trimethy lsilyl)  isofucoxanthinol  tetraether  (XXXIX) 
3,5,3' ,5 ' -Tetrakis( Trimethyl s iloyl)-3  ,5,3' ,5 '-te trahydroxy-6 ' , 7 '  — 
didehydro-5  ,8,5'  ,6  ' -tetrahydro- B,  6-caroten-8-one 

3-(Trimethylsilyl)  fucoxanthiny 1  ether(XXX)  3-Trimethylsiloyl-5 ,6- 

epoxy-  3  , 3  '  ,5  '-trihydroxy-6  1  ,7  '-d  idehydro-5  ,6 , 7  ,8 ,5  '  ,6  '-hexahydro-  3,  3- 
caroten-8-one  3 '-acetate 

5 '-(Trimethy lsilyl)  fucoxanthinyl  3-acetate  (XXXII) 

5 '-Trimethylsiloyl-5 ,6-epoxy-3 ,3' ,5 '-trihydroxy-6' ,7 '-didehydro- 
5, 6, 7, 8, 5'  ,6 '-hexahydro- B,  B-caroten-8-one  3 ,3 '-diacetate 

3-(Trimethylsilyl)  iso fucoxanthiny 1  ether  (XXXVII)  3-Trimethylsiloy 1- 
3,5,3,  '5  '-tetrahydroxy-6  '  ,7  '-didehydro-5  ,8  ,5  '  ,6  '-tetrahydro-  3,  B~ 
caroten-8-one  3 '-acetate 

3,3*  ,5 '-Tri8(trimethy lsilyl)  fucoxanthinol  triether  (XXXVI) 

3,3'  ,5 '-tris(Trimethylsiloyl)-5 ,6-epoxy-3 ,3 ' ,5 '-trihydroxy-6 ' ,7'- 
d idehydro-5 ,6 ,7 ,8 ,5 ' ,6 '-hexahydro- B, B~caroten-8-one 

3,5,5 '-Tris(trimethyl8ilyl)  isofucoxanthiny 1  triether  (XXXVIII) 

3 ,5 ,5 '-tris(Trimethylsiloyl)-3 ,5,3, '5 '-tetrahydroxy-6 ' ,7 ’-didehydro- 
5,8,5' ,6 '-tetrahydro- 8, 8-caroten-8-one  3 '-acetate 

Tunaxanthin  (XXI)  3 ,3 '-dihydroxy- e , e-carotene 

Violaxanthin  (XXII)  5,6,5' ,6 '-Diepoxy-5 ,6 ,5' ,6'-tetrahydro-3,3'-dihydroxy- 
B, B~carotene 

Zeaxanthin  (XX)  3 ,3 '-dihydroxy- g, 8-carotene 


Isofucoxanthinol  5 '-dehydrate  VIII 


Fucoxanthin  3-acetate  XIII 


HO' 


Neoxanthin  acetate  XVI 


Zeaxanthin  XX 


Tunaxanthin  XXI 


Violaxanthin  XXII 


Diatoxanthin  XXIII 


Monadoxanthin  XXIV 


Canthaxanthin  XXV 


Echinenone  XXVI 


Dinoxanthin  XXVII 


Peridinin  ?' -dehydrate  XXVIII 


Peridininol  XXIX 


TMSO- 

3,5'-8is(trinethvlsny1 )  fucoxanthinyl  diether 

XXXI 


TMSO- 

5' -(Trinethvlsi lyl )  fucoxanthin  3-acetate  XXXII 


Fucoxanthin-S-ol  XXXIII 


3' ,5'-Tris(trinethylsi1yl)  fucoxanthinol  triether  XXXVI 


3-(trinethvlsiIyl )  isofucoxanthinvl  ether  XXXVII 


3,5,5'-Tris( trinethylsilyl )  isofucoxanthinyl  triether  XXXVIII 


3,5,3*  .S'-TetrakisCtrinethylsilyl)  isofucoxanthinol  tetraether  XXXI 

0 


Okenone  XL 


Lyconene  XLV 


Neochrcne  acetate  KLVII 
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